Some aspects of the biology of the tapeworms proteocephalus SPP. and Schistocephalus Solidus (Müller) by Gemmell, David K.
Glasgow Theses Service 
http://theses.gla.ac.uk/ 
theses@gla.ac.uk 
 
 
 
 
Gemmell, David K. (1971) Some aspects of the biology of the tapeworms 
proteocephalus SPP. and Schistocephalus Solidus (Müller). PhD thesis. 
 
 
http://theses.gla.ac.uk/2737/ 
 
 
 
 
 
Copyright and moral rights for this thesis are retained by the author 
 
A copy can be downloaded for personal non-commercial research or 
study, without prior permission or charge 
 
This thesis cannot be reproduced or quoted extensively from without first 
obtaining permission in writing from the Author 
 
The content must not be changed in any way or sold commercially in any 
format or medium without the formal permission of the Author 
 
When referring to this work, full bibliographic details including the 
author, title, awarding institution and date of the thesis must be given 
 SOME  ASPECTS 
OF 
THE  BIOLOGY  OF  THE  TAPEWORMS 
PROTEOCEPHALUS  SPP.  APID  SCHISTOCEPHALUS  SOLIDUS  (MÜLLER) 
A  thesis  submitted  in  canditature  for  the 
degree  of  Doctor  of  Philosophy 
in  the  University  of  Glasgow. 
David  K.  Gemmell  B.  Sc.  ' 
Wellcome  Laboratories  for  Experimental  Parasitology 
Department  oX  Zoology., 
January  1971. BEST  COPY 
AVAILABLE 
Variable  print  quality Text  cut  off  in  original SOit  ASPECTS  OF  THE  BIOLOGY  OF  THE  TAPE  ,  'ORMS 
PROT'EOCEPHALUS  SPP.  AIiD 
SCHISTOCEPHALUS  SOLIDUS  (MULLER) 
D.  K.  GE1"_1ELL 
SUMMARY 
The  thesis  is  divided  into  7  sections,  each  with  a  for.  at  suitable 
for  individual  publication. 
In  Section  1  the  survival  of  eggs  of  the  tapeworm  Proteocepha?  us 
filicoilis  from  three-spined  sticklebacks  Gasterosteus  eculeatus  is 
investigated.  Eg«"s  remained  infective  longest  at  lose  to  nernt￿r"A 
Pro,  cercoid  development  of  P.  filicollis  in  the  copepod  Eucyclotis  serrn1etus 
Is  described,  and  sticklebacks  were  successfully  infected  with  39  day  old  ` 
laboratory  reared  procercoids.  While  maintenance  of  the  P.  fjli'coliis 
infection  in  the  fish  host  in  the  laboratory  proved  difficult,  some 
success  in  transferring  worms  from  one  fish  to  another  was  achieved. 
P.  ihicollis  is  shown  in  Sections  2  and  3,  by  the  examination  of 
monthly  samples  of  sticklebacks  over  a  two  year  period,  to  lack  a  seasonal 
incidence  and  maturation  cycle  in  two  Glasgow  sites.  A  seasonal  spatial 
distribution  pattern  of  plerocercöids  within  the  fish  intestine  occurred 
in  one  of  the  sites.  Strobilate  worms  in  both  sites  were  generally 
restricted  to  the  anterior  gut  region.  It  is  concluded  that,  while  the 
onset  of  strobilation  is  not  entirely  dependent  on  plerocercoid  length, 
plerocercoids  in  both  sites  were  most  likely  to  strobilate  when  the  same 
length. 
In  Section  4  it  is  argued  that  the  proteocephalid  in  porran lavaretus  in  Loch  Lomond  is  probably  a  new  species.  The  development  of 
procercoids  of  this  worm  in  the  copepods  Mesocyclons  leuck  rti  and 
Diaptomus  pracilis  is  described. 
The  proteocephalid  infecting  powan  C.  1avarettis  is  shorn  in  Section 
5,  by  the  examination  of  monthly  fish  samples  over  a  two  year  period,  to 
possess  a  distinct  incidence  and  maturation  cycle,  adult  worms  occurring 
only  in  summer.  There  is  evidence  for  the  presence  of  a  population  of 
procercoids  persisting  in  copepods  throughout  the  winter. 
The  host/parasite  relationship  of  larval  cestodes  and  their  copepod 
hosts  is  studied  in  Section  6.  Procercoids  of  the  proteocephalid  from 
powan  C.  layaretus  failed  to  grow  and  subsequently  died  in  the  haemocoels 
of  E.  serer  atug  speratus  and  Cyclops  ab  du  .  Procercoids  of  ifi_1 
i  colt  s 
died  in  the  haemocoels  of  E,  serrulatus  speratus  and  Cyclops  alb  dus, 
death  in  this  case  being  accompanied  by,  or  assisted  by,  the  formation 
of  a  sheath,  composed  probably  of  host  blood  cells,  around  the  dying 
procercoid.  The-factors  determining  host  specificity  in  copepod/procercoid 
systems  is  discussed  in  some  detail. 
A  technique  for  the  production  of  large  numbers  of  eggs  of  the 
:  pseudophylidean  tapeworm  Schistocenhalus  o  idus  is  described  in  Section  7. 
Eggs  of  the  worm  developed  normally  in  25%  sea  water,  but  abnormally  in 
more  hypertonic  sea  water  solutions.  The  rate  of  beat  of  the  flame  cells 
of  unhatched  coracidia  was  reduced  in  25%  sea  water,  and  increased  after 
hatching.  The  copepod  E.  serrulatus  speratus  is  shown  to  be  yet  another 
suitable  host  for  procercoid  development  of  S.  solidus. INDEX 
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the  ecology  of  the  life  cycle  of  rroteocepnalus 
filicollis  in  &&asterosteus  aculeatus  as  been  investigated 
by  nopkins  (1959),  Willemse  (1968),  Chappell  (1969)  and  in 
Sections  2  and  3.  Since  a  number  of  important  questions 
remain  unanswered  the  present  author  decided  to  attempt 
to  answer  than  through  laboratory  investigation. 
The  only  previous  investigation  of  the  life  cycle 
of  P.  filicollis  in  the  laboratory  is  that  of  i;,  ejgitt 
(1914)  which,  in  addition  to  the  observatiol,.,  of  Hopkirm 
(1959)  established  that  a  copepod  serves  as  the  intermediate 
host  for  proc  ere  oid  development;  there  is  no  second 
intermediate  host,  the  stickleback  acquires  the  parasite 
by  eating  infected  copepods. v 
MATERIALS  AND  METHODS 
1.  The  egg  of  Proteocephalus  filicollis 
(a)  Source 
Gravid  Proteocephalus  filicollis  were  removed  from 
the  intestine  of  Gasterosteus  aculeatus  caught  in  a 
Glasgow  pond  and  canal  (see  Sections  2&  3)  and  trans- 
ferred  to  watch  glasses  containing  fresh  tap  water. 
Some  observations  on  the  behaviour  of  the  oncosphere 
within  the  egg  after  release  from  the  worm  were  made. 
(b)  Egg  maintenance 
1.  Short  term 
Eggs  not  used  immediately  were  kept  at  4°C  in 
covered  jars  for  a  few  days. 
2.  Loni;  term 
For  a  study  of  egg  survival  at  various  temper- 
atures,  eggs  fresh  from  9  gravid  worms  were  pooled  in 
30  ml  of  tap  water  and  maintained  at  12°C  for  2  h.  The 
jar  was  shaken  and  2  ml  of  egg  suspension  was  removed  and 
added  to  each  of  10  2"  by  1"  glass  tubes  and  topped  up 
to  20  ml  with  tap  water.  Perforated  aluminium  foil  caps 
were  placed  over  each  tube.  The  tubes  were  placed  in  the 
dark  in  pairs  at  25°0,20°C,  15°0,10°C  and  4°C.  Every  2nd  or Lt 
3rd  day  15  to  17  ml  of  supernatant  was  removed  from  each 
tube  and  replaced  with  fresh  water  already  at  the  correct 
temperature.  A  small  number  of  eggs  (usually  15  to  20) 
was  removed  periodically  with  a  pasteur  pipette  from  one 
of  the  two  tubes  kept  at  each  temperature  for  infection 
of  copepods. 
2.  The  copepod 
(a)  Collection  of  copepods  from  the  field 
Eucyclops  serrulatus  s.  s.  were  collected  from  the 
River  Kelvin  near  Glasgow  using  a  zooplankton  net.  Cope- 
pods  were  separated  from  debris  and  other  animals  by 
decanting  and  sieving. 
(b)  Copepod  culture 
Eucyclops  serrulatus  s.  s.  were  cultured  in  the 
laboratory  using  the  technique  of  Orr  &  Hopkins  (1969) 
slightly  modified  in  that  aeration  of  the  tanks  was  con- 
tinuous  rather  than  once  weekly  for  8  h.  Seven  14  1 
tanks  of  breeding  copepods  were  at  one  time  in  use. 
(c)  Measurement  of  copepods 
Using  a  thin  film  of  water)copepods  with  egg  sacs 
were  held  firmly,  ventral  surface  down,  on  a  glass  slide 
and  the  distance  between  the  anterior  end  of  the  cephalo- I 
thorax  and  the  posterior  of  the  anal  segment  (Fig.  1) 
was  measured. 
3.  Infection  of  copepods 
Copepods  were  placed  in  1  cm  of  water  in  crystalising 
dishes  of  various  diameters  to  which  an  excess  of  eggs  of 
Proteocephalus  filicollis  was  then  added.  Observations 
on  the  behaviour  of  copepods  with  respect  to  the  eggs 
were  made.  Watch  glasses  containing  approximately  10 
copepods  were  used  in  the  egg  survival  experiment.  Eggs 
were  generally  removed  after  2-4h  by  passing  the  contents 
of  the  dishes  through  a  210  mp  sieve  which  retained  the 
copepods  but  not  the  eggs.  The  copepods  were  then 
returned  to  water  for  maintenance. 
¢.  Maintenance  of  infected  copepods 
(a)  Short  term 
Infected  copepods  were  kept  in  water  in  crystal- 
ising  dishes  of  various  diameters  at  temperatures  as  in 
the  results.  Hay  infusion,  rich  in  ciliates,  was  added 
periodically  to  each  dish.  The  amount  and  frequency  of 
infusion  addition  was  dependant  on  the  volume  of  the  cope- 
pod  containers  and  the  number  of  copepods.  The  water  in L 
Fiýýure  1 
Female  copepod  to  show  the  distance  measured 
between  the  anterior  tip  of  the  cephalothorax 
and  the  posterior  end  of  the  anal  se  znent. 
N.  B.  appendages  and  ecg  sacs  are  not  included. 
_d 
stanc¬- lZI 
each  was  completely  changed  if  necessary.  Dishes  were 
aereated  continuously  using  a  difuser  stone. 
(b)  Long  term 
To  obtain  procercoids  infective  to  fish  a 
technique  for  long  term  maintenance  of  infected  copepods 
in  river  water  at  20°C  was  devised  (Pig.  2).  Due  to  the 
muslin  ring  escape  of  copepods  from  the  jar  was  impossible. 
After  39  days  each  copepod  was  placed  on  a  slide  in  a 
thin  film  of  water  and  the  number  of  fully  developed 
procercoids  determined  using  transmitted  light  and  X50 
magnification. 
5.  Copepod  examination  and  procercoid  measurement 
Copepods  were  mounted  in  water  for  microscopic 
examination.  By  moving.  the  coverslip  the  copepods  could 
be  rolled  into  any  desired  position  so  that  the  number  of 
procercoids  present  could  be  determined.  The  dimensions 
of  procercoids  were  measured  in  situ  with  a  camera  lucida 
or  micrometer  eye  piece.  Nauplii,  being  very  fragile, 
were  held  in  a  thin  film  of  water  on  a  slide  for  examination. 
In  the  egg  survival  experiment  all  copepods  were  examined 
within  3h  of  exposure  to  the  eggs. 1 N 
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6.  aintencnce  of  fish 
Three-seined  sticklebacks,  Gasterosteus  aculeatus, 
infected  or  uninfected,  were  maintained  in  55  1  plastic 
aquaria  supplied  with  running  water  and  fed  daily  with 
Riverpride  (Jannsen  Ltd.,  London)  supplemented  with  live 
copepods  and  cladocera  from  culture. 
7.  Infection  of  fish 
(a)  Using  copepods  with  infective  procercoids. 
Three  spined  sticklebacks  from  a  stock  tank  were 
placed  individually  in  80  mm  crystalising  dishes  at  16°C 
for  2  days.  Copepods  with  39  day  old  procercoids  were 
added  to  each  dish  in  such  a  way  that  each  fish  received 
a  known  number  of  copepods.  The  fish,  after  ingesting 
the  copepods,  were  transferred  to  tanks  at  16°C. 
(b)  Using  already  established  worms. 
The  intestines  of  heavily  infested  G.  aculeatus 
caught  on  July  1st  1968  (See  Section  3)  were  fed 
immediately  after  removal  to  three-spined  sticklebacks 
which  were  then  kept  at  15°C. 
R.  Examination  of  fish  and  measurement  of  worms. 
The  gut  from  stomach  to  anus  was  removed,  placed  on  a 1W 
6.  Maintenance  of  fish 
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placed  individually  in  80  mm  crystalising  dishes  at  16°C 
for  2  days.  Copepods  with  39  day  old  procercoids  were 
added  to  each  dish  in  such  a  way  that  each  fish  received 
a  known  number  of  copepods.  The  fish,  after  ingesting 
the  copepods,  were  transferred  to  tanks  at  16°C. 
(b)  Using  already  established  worms. 
The  intestines  of  heavily  infested  G.  aculeatus 
caught  on  July  1st  1968  (See  Section  3)  were  fed 
immediately  after  removal  to  three-spined  sticklebacks 
which  were  then  kept  at  15°C. 
8.  Examination  of  fish  and  measurement  of  worms. 
The  gut  from  stomach  to  anus  was  removed,  placed  on  a 1. 
3"  by  211  slide  and  examined  under  slight  pressure  from 
a  covering  2"  by  1"  slide  using  transmitted  light  and  X25 
magnification.  After  noting  the  position  of  attachment 
of  any  worms  present  the  worms  were  transferred  to  water, 
allowed  to  relax  until  dead  and  measured.  Control  fish, 
unexposed  to  infected  copepods  or  infected  guts,  yet  from 
the  same  stock  tanks  as  the  experimental  fish,  were  also 
examined  for  the  presence  of  P.  filicollis. 1L 
A 
RESULTS 
1.  Egg  longevity 
As  shown  in  Fig.  3  eggs  of  Proteocephalus  filicollis 
maintained  at  25°C  for  3  and  5  days  failed  to  infect 
copepods,  dead  oncospheres  being  found  in  the  copepod 
intestine.  Dead  oncospheres  of  eggs  kept  at  20°C,  15°C 
and  10°C  were  first  noted  in  the  copepod  intestine  on 
days  12,14  and  16.  By  16  days  eggs  kept  at  20°C  were 
uninfective.  The  eggs  at  15°C  and  10°C  continued  to 
infect  copepods  until  the  26th  and  23rd  days  respectively. 
Dead  oncospheres  of  eggs  kept  at  4°C  did  not  occur 
in  the  copepod  intestine  until  the  26th  day.  Eggs  at 
4°C  retained  their  infectivity  until,  the  44th  day. 
2.  The  development  of  P.  filicollis  procercoids  in 
Eucyclops  serrulatus  maintained  at  20°C. 
Pig.  4  shows  a  fully  embryonated  P.  filicollis  egg 
infective  to  a  copepod.  Escape  of  the  oncosphere  from 
the  surrounding  embryophore  into  the  lumen  of  the  outer 
membrane  was  only  noted  under  coverslip  pressure. 
Although  fairly  buoyant,  eggs  tended  to  adhere  to  the  base 
of  containing  vessels. 
From  hours  of  observation  it  was  clear  that  when  an 
egg  of  P.  filicollis  came  into  contact  with  the  mouthparts 15 
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of  a  browsing  E.  serrulatus  it  was  invariably  ingested. 
The  eggs  were  always  swallowed  whole.  If  a  copepod,  as 
it  browsed,  passed  close  to  an  egg  but  made  no  physical 
contact  with  it,  that  egg  was  not  eaten. 
A  newly  penetrated  oncosphere  was  once  noted  in  the 
haemocoel  of  a  copepod  only  20  minutes  after  initial 
exposure  to  the  eggs.  In  many  cases  penetration  within 
half  an  hour  to  an  hour  was  noted,  while  the  results  of 
the  egg  longevity  experiments  just  describedV  indicate 
that  penetration  was  completed  within  3  hours.  Generally 
penetration  occurred  in  the  mid  gut,  but  was  once  noted 
in  the  hind  gut.  The  intensity  and  incidence  of  infection 
in  copepods  in  the  laboratory  varied  considerably,  depend- 
ing  on  the  relative  density  of  copepods  and  eggs.  The 
maximum  number  of  young  procercoids  noted  in  a  laboratory 
infected  copepod  was  13,  while  intensities  of  from  1  to  5 
procercoids  per  copepod  were  most  common.  The  small 
procercoids/  for  the  first  few  days  post-infection  were 
moved  rythmically  back  and  forth  in  the  copepod  haemocoel 
by  the  continuous  pulsation  of  the  intestine. 
Newly  penetrated  oncospheres  (Fig.  5),  approximately 
28  µm  in  diameter,  were  highly  active  both  the  body  and 
the  hooks  moving  rythmically  continuously.  Between  the 
3rd  and  the  12th  day  the  procercoids  elongated  becoming 1; 
sub-spherical  and  highly  vacuolated  in  appearance,  the 
hooks  becoming  very  difficult  to  discern.  One  larva  on 
the  11th  day  was  121  µm  long  by  83  pm  broad.  The  constr- 
iction  off  of  a  cercomer  occurred  any  time  between  the 
15th  and  25th  days  depending  on  the  size  and  degree  of 
development  of  the  procercoid.  Ceroomer  formation  never 
occurred  on  larvae  less  than  200  pm  long.  Hooks  were 
never  found  on  a  cercomer,  being  left  scattered  loosely 
in  the  main  body  of  the  developing  procercoid.  Calcareous 
corpuscles  first  appeared  during  or  immediately  after 
cercomer  formation  and  loss.  Suckers  were  first  observed 
on  a  procercoid,  264  gm  long  by  110  pm  broad,  which  had 
been  developing  alone  in  a  copepod  for  20  days.  Suckers 
generally  appeared  between  the  20th  and  30th  days.  On 
the  25th  day  a  procercoid  measuring  484  pm  long  by  63.6  pm 
broad  had  fully  developed  suckers.  By  the  39th  day 
procercoids  were  used  to  successfully  infect  sticklebacks 
in  the  laboratory.  The  newly  established  plerocercoids, 
derived  from  the  39  day  old  procercoids  ranged  in  length 
from  280  pm  to  600  gm.  Once  a  well  developed  procercoid 
was  freed  from  the  copepod  into  water  its  scolex  frequently 
invaginated.  Scolex  invagination  was  never  observed  at 
any  stage  while  the  procercoid  was  still  within  the 4 
copepod.  Fig.  6  shows  two  procercoids,  both  25  days  old 
and  derived  from  the  same  copepod,  one  with  fully  devel- 
oped  suckers  and  probably  infective  to  a  stickleback,  the 
other  still  with  its  cercomer  attached. 
3.  Infection  of,  and  procercoid  development  in,  naupiii, 
copepodites  and  adults  of  E.  serrulatus. 
Nauplii,  copepodites  as  well  as  adults  of  E.  serrulatus 
were  infected  with  P.  filicollis  and  all  three  stages,  for 
10  days  at  20°C  at  least,  supported  an  equal  amount  of 
procercoid  development  (Table  I).  By  the  10th  day  all 
nauplii  had  metamorphosed  into  early  copepodite  stages. 
4.  Procercoid  growth 
in  cultured  and  non-cultured  E. 
serrulatus. 
From  the  measurements  of  the  length  and  breadth 
(diameter)  of  the  procercoids,  their  volumes  were  calcul- 
ated  assuming  them  to  be  cylinders.  As  shown  in  Fig.  7 
the  majority  of  procercoids,  developed  for  10  days  in  field 
copepods  from  the  R.  Kelvin  had  a  volume  considerably 
greater  than  0.0001  cmm,  while  those  developed  for  the  same 
time  in  cultured  copepods  were  usually  less  than  0.0001  cmm. 
The  average  10  day  procercoid  in  cultured  and  field 
copepods  was  0.0000803  cmm  and  0.000423  cmm  respectively. F'  ire 
Procercoids  (P)  of  Proteocehalus  filicollis 
released  after  25  days  development  from  the  haemocoel 
of  the  same  Euc  c  otes  se,  ru1et  .  One  procercoid  had 
an  attached  cercomer  (C)  but  lacked  suckers.  The 
other  procercoid  had  invaginate  suckers  (S)  and  had 
shed  its  cercomer. 
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Fig.  8  indicates  that  field  copepods  are  consistently 
considerably  longer  than  cultured  copepods. 
5.  Infection  of  sticklebacks  with  laboratory  reared 
procercoids. 
As  shown  in  Table  2  of  the  29  procercoids  administered 
in  copepods  to  the  fish,  only  5  (17.2%)  were  recovered 
24  h  later  as  young  plerocercoids  attached  to  the  fish 
intestine.  No  day  old  plerocercoids  were  attached  in  the 
fish  rectum.  Day  old  plerocercoids  ranged  in  length  from 
280  pm  to  600  µm.  All  control  fish  proved  to  be  free  of 
P.  filicollis  infection. 
6.  Maintenance  of  P.  filicollis  in  sticklebacks  in  the 
laboratory. 
The  incidence  of  P.  filicollis  in  the  Glasgow  pond,  as 
indicated  in  Table  3,  from  the  1st  of  July  1968  to  the  2nd 
of  August  1968  fell  from  68%  to  24.6%  while  the  mean  worm 
burden  (i.  e.  the  number  of  worms  per  infected  fish)  fell 
from  7.0  to  1.7,  representing  an  90.3%  worm  loss  in  1 
month  (See  also  Section  3  ). 
The  incidence  of  Proteocephalus  filicollis  in  stickle- 
backs  collected  from  the  same  pond  on  the  11th  July  was 
85.7%,  while  by  the  8th  August,  after  28  days  of  laboratory 26 
Fig  8  The  distance  behwwcen  the  anterior  end  of  the 
ccphalotharax  and  the  posterior  end  of  cultured 
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maintenance  at  20°C  the  incidence  had  fallen  to  10%. 
The  mean  worm  burden  also  fell  over  the  same  period. 
From  the  11th  to  the  26th  July  the  mean  worm  burden  was 
halved. 
The  number  and  condition  of  the  wormsrecovered  from 
the  fish  during  the  period  of  laboratory  maintenance  is 
indicated  in  Table  4. 
7.  The  transfer  of  P.  filicollis  from  one  stickleback 
to  another. 
The  12  control  fish  which  did  not  ingest  infected 
stickleback  intestines,  were  negative.  10  of  the  18 
experimental  fish,  shown  in  Table  5,  were  infected  with 
P.  filicollis.  Both  plerocercoids  and  strobilate  worms 
had  established  themselves  in  new  hosts.  The  gravid  worm 
found  after  two  days  in  a  recipient  host  was  then  success- 
fully  transferred,  in  the  same  way,  to  another  new  host. 
The  next  transfer  attempt,  however,  failed. 30  1 
Table  4  The  number  and  length  of  pleroccrcoids,  immoture  (1) 
1 
mature(M)  and  gravid  (G) 
Proteocepholus  filicollis  recovered  from  Sticklebacks  Gosterosteus  oculectus 
infected  in  the  field  but  maintained  in  the  laboratory. 
Average  length  Average  length  Details 
No.  of  No-of  and  range  of  No.  of  and  range  of  of  strobilate 
worms  pleroccrcoids  piwro'coids  strob  late  worms  strobilotz  worms  worms 
{  rgth  S09-W.  COCK 
1, 
0  35  34  0.77  1  216  (4segs)  2.1  4 
Day  (036-1.92  ) 
15  13  4  1.8  9  6.0  9.6  13  G 
Days  k-3-0)  (42 
-9.6)  9.2  14  M 
7.2  9M 
5.6  9 
5.4  10 
5.2  8 
4.6  8 
12  3 
73 
20  4  04  2.7  2.9  51 
Days  (2-6-2-9)  2.8  3 
26  21 
28  I1  134  0 
Days '  e 
'  o  u  ä 
ö  I  ö  w 
￿  - 
F 
4-0 
c»  c. 
Un  - 
.o  r￿  c  '_ 
E 
to 
tei 
c  c  d 
u- 
ý 
ü 
to 
w 
e13 
-v 
-5 
t  a-  E 
ü 
"- 
'`  üO  tý  td 
a 
0 
-- 
:s  le 
3  4. 
3b)  : 
0 
ö 
9 
öý  Q`  ch 
u 
O 
"ý 
M-00  c  "0 
A 
U 
0- 
M  m  ü-  N  N  O 
2 
.c  r=  a 
c 
U 
" 
N  . 
V  v  (j  "O 
to  0  (N 
x 
CN 
O  c 
"  Ö 
.  - 
4.0 
u 
C 
"_ 
O  0 
'4--.  C 
#j 
O  tý  RJ  tl1 
cc 
2 
es  u 
°  ý  -  ®' 
C 
" 
Ný 
VO 
d 
90 
81 
t. 
L 
Ný 
Cý 
Gd 
V= 
44 
M 
ýN 
"Y 
L 
ýý 
O 32 
DISCUSSION 
(a)  Egg  structure 
Meggitt  (1914),  in  his  pioneer  study  of  Proteocephalus 
filicollis,  noted  that  after  egg  release,  the  oncosphere 
passed  through  a  pore  in  the  embryophore  and  came  to  lie 
within  the  confines  of  the  outer  membrane.  This  phenomenon 
was  not  observed  in  the  present  study,  although  it  has 
been  reported  for  other  proteocephalids  (EssOx  1928,  Hunter 
1929,  Wagner  1954,  Jarecka  &  Doby  1965).  The  statement 
of  Preze  (1965)  that  'the  oncosphere  usually  tears  through 
the  internal  membrane  while  still  in  the  water,  and 
penetrates  into  the  cavity  between  the  internal  and  external 
egg  membranes'  is  difficult  to  accept  considering  the 
contrary  findings  of  Hunter  (1928),  Freeman  (1964),  Fischer 
(1967)  and  Wagner  (1954).  It  seems  unlikely,  as  pointed 
out  by  Hopkins  (1959),  that  the  movement  of  the  oncosphere 
of  Proteocephalus  pinguis  within  the  outer  membrane,  as 
suggested  by  Hunter  (1929),  would  attract  a  copepod  since 
the  behaviour  of  E.  serrulatus  in  the  presence  of  P. 
filicollis  eggs  suggests  that  the  senses  of  touch  and 
probably  taste  are  much  more  important  than  sight  in  the 
discovery  and  subsequent  ingestion  of  eggs.  In  this 
connection  Mueller  (1965)  states  that  copepods  detect  the 33 
active  coracidia  of  Spirometra  mansonoides  by  'bumping 
into  them'  rather  than  by  seeing  them. 
(b)  Egg  longevity 
Under  laboratory  conditions  Proteocephalus  filicollis 
eggs  do  not  survive  for  particularly  long  even  at  low 
temperatures  (Fig.  3).  Since  every  effort  was  made  to 
maintain  the  eggs  under  favorable  conditions  it  is  felt 
that  the  results  probably  reflect  reasonably  accurately 
egg  longevity  under  natural  conditions.  Indeed  when  one 
considers  the  multitude  of  hazards  eggs  face  in  nature, 
e.  g.  predation  and  silt,  it  seems  likely  that  eggs  in  the 
laboratory  may  survive  longer  than  those  in  the  field. 
Since  eggs  very  soon  lost  their  infectivity  to  copepods  at 
25°C,  and  yet  retained  it  for  over  two  weeks  at  2000,  it 
would  seem  that  the  upper  temperature  limit  for  Proteoce- 
phalus  filicollis  transmission  lies  between  20°C  and  25°C. 
This  assumption  is  strengthened  by  the  fact  that  procer- 
coid  development  of  P.  filicollis  in  E.  serrulatus  ceases 
after  7  to  8  days  at  25°C  (Gemmell  unpublished  results). 
At  the  other  extreme,  the  inability  of  P.  filicollis  eggs 
to  survive  longer  than  5  to  6  weeks  at  4°C,  indicates  that 
this  worm  is  incapable  of  overwintering  as  an  egg. 34  1 
Likewise  eggs  of  Proteocephalus  tumidocollus  cannot  over- 
winter,  remaining  alive  for  only  30  days  at  temperatures 
ranging  from  0°C  to  10°C  (Wagner,  1954).  Thus  it  would 
appear  that  some,  if  not  all  proteocephalid  tapeworms  of 
fish,  are  completely  dependant  on  their  hosts  for  survival 
through  the  winter  period.  It  has  been  suggested  that 
both  P.  filicollis  (see  Sections  2  &3)  and  a  proteocephalid 
infecting  Coregenus  lavaretus  in  Loch  Lomond  (see  Section 
5)  overwinter  in  both  the  copepod  and  definitive  fish 
host. 
(c)  The  procercoid 
Procercoid  development  of  Proteocephalus  filicollis 
was  described  in  Eucyclops  serrulatus  s.  s.  (Fischer)  by 
Meggitt  (1914)  who  referred  to  the  copepod  by  its  older 
name  Cyclops  varius  (lilljeborg).  While  39  day  procer- 
coids  were  shown  to  be  infective  to  sticklebacks  (Table  4), 
some  25  and  30  day  old  worms  were  possibly  also  infective. 
The  variation  in  the  rate  of  procercoid  growth  renders  it 
impossible  to  be  specific  as  to  when  P.  filicollis  procer- 
coids  become  infective. 
Although  the  proteocephalid  cercomer  is  rudimentary 
(Ginetsinskaya  1961)  and  not  present  in  some  species 35 
(hunter  1928,1929),  it  was  observed  frequently  in  the 
present  study.  Hooks  were  never  found  on  the  cercomer, 
they  remained  loosely  scattered  in  the  tissue  of  the 
developing  procercoid.  Once  formed  the  proteocephalid 
cercomer  is  quickly  shed  (r'reze  1965)  and  this  fact  may 
explain  why  cercomer  formation  by  P_filicollis  procer- 
coids  was  not  noted  by  Meggitt  (1914). 
Contrary  to  the  findings  in  the  present  study  Me  ggit  z 
(1914)  states  that  nauplii  of  E.  serrulatus  were  never 
infected  experimentally  with  P.  fiilicollis.  Although  few 
measurements  were  taken,  it  would  seem  t  hat.,  at  least 
during  the  first  10  days  of  procercoia  development  ,  the 
stage  of  copepod  host  has  little  effect  on  worm  growth 
rate.  Ewars  (1936)  noted  that  stage  I  naupli  i  of  E. 
serrulatus  require  6  to  7  days  at  lb°C  to  become  early 
copepodites.  "ihe  fact  tnati  all  nauplii  in  this  study 
were  copepodites  by  10  days  indicates  that  the  presence 
of  developing  procercoids  did  not  markedly  retard  the 
development  of  the  young  copepods.  However,  developing 
procercoids  of  Spirometra  mansonoides  retard  and  sterilize 
their  host  copepod  Cyclops  vernalis  (Mueller  1965). 
Meggitt  (19]4)  stated  that'the  presence  of  the  larva  is 
fatal  to  the  Cyclops  causing  its  starvation.! 36 
Although  Meggitt  (1914)  recorded  that  oncospheres 
of  P.  filicollis  took  'usually  a  week'  to  penetrate  the 
`copepod  gut,  penetration  was  observed  (Pig.  3)  within  a 
few  hours  of  egg  ingestion  as  in  other  proteocephalids 
(Wagner  1954,  Thomas  1931  and  others).  The  original 
observation  of  Meggitt  thus  seems  doubtful. 
It  is  quite  clear  that  the  copepod,  E.  serrulatus, 
after  8  months  of  laboratory  culture  was  considerably 
smaller  (Fig.  8)  and  a  less  suitable  host  for  procercoid 
development  of  P.  filicollis  (Fig.  7),  than  specimens  of 
the  same  species  collected  fresh  from  the  field.  This 
reduced  ability  of  cultured  copepods  to  allow  normal 
procercoid  development  cannot,  as  in  Mueller's  (1965) 
studies  of  Spirometra  mansonoides  in  clops  vernalis, 
be  attributed  to  selection  of  resistant  strains,  since 
the  copepod  breeding  tanks  were  never  exposed  to  infection. 
Cultured  copepods  also  lacked  the  oil  globules  of 
field  specimens  and  were  extremely  delicate  being  easily 
damaged  by  coverslip  pressure  unlike  the  more  robust 
copepods  from  the  field.  These  findings  question  the 
usefulness  of  long  term  laboratory  culture  of  copepods 
in  the  study  of  tapeworm  development.  As  pointed  out  by 
Orr  &  Hopkins  (1969)  the  whole  problem  of  laboratory 37 
propagation  of  copepods  should  be  investigated  in  detail. 
(d)  The  plerocercoid  and  adult 
Unlike  proteocephalid  procercoids,  little  is  1mown 
about  the  growth  and  development  of  plerocercoids  and 
adults  in  the  definitive  fish  host.  Ecological.  studies 
of  proteocephalids  in  fish  (Hopkins  1959,  Kennedy  &  Hine 
1969,  and  Sections  2,3  &  5)  indicate  the  seasons  of  the 
year  in  which  worms  grow  and  mature  but  tell  little  of 
the  rate  of  growth  and  development  at  specific  temper- 
atures.  To  determine  the  latter,  however,  one  must 
rely  on  controlled  laboratory  studies  which  would  require 
that  the  proteocephalid  infection  could  be  maintained  in 
fish  under  laboratory  conditions.  The  tremendous  lose 
of  immature  worms  from  sticklebacks  maintained  in  the 
laboratory  for  28  days  was  no  artifact,  since  a  similar 
worm  loss  occurred  in  the  field  (Table  3).  Similarly 
Kennedy  &  Hine  (1969)  experienced  difficulty  in  maintain- 
ing  immature  Proteocephalus  torulosus  in  dace  Leuciscus 
leuciscus  under  laboratory  conditions.  Ecological 
studies  of  P.  filicollis  in  sticklebacks,  Gasterosteus 
aculeatus  (Hopkins  1959,  and  Sections  2&  3),  of  P. 
torulosus  in  dace  Leuciscus  leuciscus  (Kennedy  &  Hine 
1969),  and  Caryophyllaeus  laticeps  in  dace 38 
(Kennedy  1969)  indicate  that  the  loss  of  immature  worms 
from  their  definitive  fish  host  in  nature  is  the  rule 
rather  than  the  exception.  Thus  the  problem  of  main- 
taining  proteocephalid  worms  in  fish  for  study  of  later 
stages  of  growth  and  development  requires  the  initial 
infection  and  maintenance  of  large  numbers  of  fish. 
Observations  on  the  early  development  of  P.  filicollis 
in  the  fish  at  20°C  (Table  4),  showed  that  Day  0  plero- 
cercoids  with  a  mean  length  of  0.77  mm  grew  to  a  mean  of 
1.8  mm  in  15  days.  Fischer  (1968)  found  that  newly  acquired 
plerocercoids  of  Proteocephalus  fluviatilis  tripled  their 
length  in  13  days  at  18°C. 
The  ability  of  Proteocet)halus  filicollis.  to  withstand 
transfer  from  one  stickleback  to  another  (Table  5)  may  be 
of  use  in  the  investigation  of  worm  growth  and  development 
in  the  fish  host.  Thus  the  length  and  condition  of  a 
worm  could  be  noted  before  and  after  a  period  of  develop- 
ment  under  controlled  conditions  in  a  new  host.  The 
results  accumulated  from  a  number  of  experiments  of  this 
type  would  produce  a  complete  picture  of  proteocephalid 
worm  development  in  fish  maintained  at  various  temperatures 
under  various  conditions.  The  technique  of  Willemse  (1968), 
whereby  worms  were  introduced  into  the  intestine  of 
recipient  fish  per  anus,  might  prove  useful  in  such  a 39 
study. 
This  ability  of  P.  filicollis  to  establish  itself  in 
a  new  host  is  ecologically  insignificant  since  there  is 
little  evidence  (Hynes  1951)  that  sticklebacks  are 
canibalistic.  Fischer  (1968)  has  shown  that  Proteoceph- 
alus  fluviatilis  plerocercoids  and  strobilate  worms  can, 
once  removed  from  a  bass,  Micropteous  dolomieui  be  fed  to, 
and  reestablish  in,  another  bass.  In  this  case  the  ability 
of  the  worms  to  reestablish  in  a  new  host  is  of  ecological 
significance  since  the  heavy  infections  of  P.  fluviatilis 
in  large  bass,  which  seldom  eat  copepods,  can  only  be 
explained  by  their  predation  on  bass  fry  (Fischer  1968). 
While  only  a  few  of  the  procercoids  fed  to  stickle- 
backs  succeeded  in  becoming  established  as  plerocercoids 
(Table  2)  it  is  clear  that  the  favoured  site  of  establish- 
ment  was  the  intestine,  no  worms  being  found  in  the  rectum. 
Hopkins  (1959)  and  Willemse  (1968)  found  that  virtually 
all  plerocercoids  of  P.  filicollis  were,  in  their  field 
studies,  attached  in  the  stickleback  rectum,  while  it  has 
been  argued  elsewhere  (see  Sections  2  &3)  that  plerocer- 
coid  attachment  probably  occurs  in  both  regions  and  that 
plerocercoids  can  migrate  from  the  intestine  to  the  rectum 
and  vice  versa.  This  whole  problem  of  the  preferred  site 40 
of  plerocercoid  establishment  requires  further  investig- 
ation. 
(e)  The  maintenance  of  P.  filicollis  in  the  laboratory. 
The  complete  life  cycle  of  Schistocephalus  solidus 
can  be  established  in  the  laboratory  (Orr  &  Hopkins  1969). 
For  many  reasons,  however,  the  maintenance  of  P.  filicollis 
is  a  much  more  difficult  task.  Firstly  procercoid 
development  in  the  copepod  host  takes  25  to  40  days,  two 
to  three  times  longer  than  that  of  S.  solidus.  Secondly 
immature  worms  are  extremely  difficult  to  maintain  in  the 
fish  intestine.  Thirdly  each  gravid  worm  produced 
relatively  few  eggs  compared  with  the  tens  of  thousands 
of  eggs  produced  by  S.  solidus  adults.  P.  filicollis  is 
also  an  unsuitable  tapeworm  for  laboratory  experimental 
purposes  because  unlike  S.  solidus  plerocercoids  in 
sticklebacks,  the  supply  of  both  immature  and  gravid  P. 
filicollis  from  the  field  is  extremely  variable,  worms 
being  virtually  absent  from  all  fish  in  some  months  (Hopkins 
1959  and  Sections  2&  3). 41 
SUMMARY 
(1)  Eggs  of  Proteocephalus  filicollis  remained  infective 
to  copepods  for  12,14,14,  and  44  days  at  20°C,  15°C, 
10°C  and  4°C  respectively.  Eggs  after  3  days  at  25°C  were 
non-infective. 
(2)  Procercoids  of  Proteocephalus  filicollis  after  39 
days  of  development  at  20°C  in  the  copepod  Eucyclops 
serrulatus  s.  s.  proved  infective  to  three-spined  stickle- 
backs  Gasterosteus  aculeatus.  Cercomer  formation  by  the 
procercoid  occurred  between  the  15th  and  25th  days.  Naupiii, 
copepodites,  and  adults  of  Eucyclops  serrulatus  s.  s.  were 
equally  susceptible  to  infection  with  P.  filicollis. 
(3)  Due  to  loss  of  worms  from  the  fish  gut,  an  attempt 
to  maintain  an  established  P.  filicollis  infection  in 
sticklebacks  in  the  laboratory  failed.  Both  immature  and 
gravid  P.:.:  filicollis  were,  however,  transferred  success- 
fully  from  one  stickleback  to  another. 
(4)  Proteocephalus  filicollis  was  found  to  be  a  difficult 
tapeworm  to  maintain  in  the  laboratory. 42, 
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SECTION  2 
Investigations  into  the  biology  of  Proteocephalus 
filicollis  (Rud.  1810)  a  cestode  parasite  of  the 
three-spined  stickleback,  Gasterosteus  aculeatus(L.  ) 
(2)  Incidence  and  maturation  in  a  canal  in  Ulasý;  ow. 
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INTRODUCTION 
Proteocephalus  filicollis,  a  cestode  parasite  of  the 
three-spined  stickleback  Gasterosteus  aculeatus,  was 
shown  by  Hopkins  (1959)  and  Willemse  (1968)  to  possess  a 
distinct  seasonal  incidence  and  maturation  cycle  in  a 
Lanarkshire  pond  and  in  the  canals  of  the  Netherlands. 
An  initial  investigation  of  two  stickleback  sites,  a 
canal  and  a  small  pond  in  Glasgow,  indicated  that,  -if 
maturation  and  incidence  cycles  of  P.  filicollis  existed 
in  these  sites,  they  were  very  different  from  the  cycle 
described  by  Hopkins  (1959)  and  Willemse  (1968).  A  two 
year  study  of  P.  filicollis  in  these  two  Glasgow  sites 
was  therefore  undertaken. 
Both  the  plerocercoid  and  adult  P.  filicollis  are 
found  in  the  intestine  of  Gasterosteus  aculeatus.  The 
copepod  Eucyclops  serrulatus  (Fischer)  is  suitable  for 
procercoid  development  (Section  1  ).  There  is  no 
second  intermediate  host,  the  stickleback  acquiring  the 
parasite  by  eating  infected  copepods. 
Briefly  the  seasonal  cycle  of  maturation  described 
by  Hopkins  (1959)  and  Willemse  (1968)  indicated  worm 
maturation  and  egg  release  in  early  summer,  while  the 
worm  population  throughout  the  remainder  of  the  year 4',  9' 
consisted  of  immature  worms,  mainly  plerocercoids. 
During  the  present  studies,  however,  Chappell  (1969) 
published  evidence  of  a  different  type  of  cycle  by 
P.  filicollis  in  a  Yorkshire  pond.  Although  his  samples 
were  bimonthly  instead  of  monthly,  as  in  previous  and  the 
present  studies,  there  is  evidence  from  his  results  that 
mature  and  gravid  worms  occurred  throughout  the  year. 
Chappell's  findings  would  suggest  that  P.  filicollis  need 
not  necessarily  possess,  in  every  site,  the  same  type  of 
incidence  and  maturation  cycle  as  described  by  Hopkins 
(1959)  and  Willemse  (1968). 
The  results  of  the  two  concurrent  studies  of  the 
ecology  of  P.  filicollis  are  presented  in  separate 
sections.  The  incidence  and  maturation  of  P.  filicollis 
in  the  canal  site  is  described  and  discussed  in  this 
section,  while  the  survey  based  on  the  small  pond  is 
presented  in  Section  3. If 
50 
MATERIAL  AND  METHODS 
1.  The  Forth  and  Clyde  Canal  Site 
Proteocephalus  filicollis  was  found  as  a  natural 
infection  of  Gasterosteus  aculeatus  inhabiting  the  disused 
Forth  and  Clyde  Canal  in  N.  W.  Glasgow.  The  sampling  site 
was  located  between  two  permanently  closed  lock  gates  180 
yards  apart.  Water  flowed  continuously  over  the  gates 
resulting  in  a  slow  flow  of  water  through  the  site.  The 
shallow  banks  are  densely  weeded;  most  fish  were  caught 
amongst  the  weed.  Little  variation  in  the  canal  water 
level  occurred.  A  great  variety  of  invertebrates  were; 
noted,  and  perch,  Perc'a  fluviatilus,  and  roach  Rum  ilus 
rutilus)  were  caught  as  well  as  three-spined  sticklebacks. 
2.  Collection  of  fish 
Approximately  60  fish  were  caught  each  month  from 
September  1967  to  December  1969  with  a  41  beam  trawl. 
Winter  ice  cover  necessitated  ice  breaking  and  clearing. 
before  fishing.  Difficulty  in  catching  fish  was 
experienced  in  winter  resulting  in  poor  samples  being 
obtained  in  some  months.  As  each  sample  was  obtained, 
the  temperature  of  the  canal  water  at  a  depth  of  15  cm  was 
noted.  The  fish  were  taken  alive  to  the  laboratory  and 51 
kept  in  running;  water  tanks  at:  '+  2C°  o1'  tnaT,  recorded  in 
t  ne  canal. 
3.  Examination  of  fish 
All  fish  were  examined  within  21-I.  h  of  capture. 
r'ish  were  killed  by  pithing  and  the  abdomen  opened 
ventiraily  with  a  cut  extending  back  to  tne  anus.  rie 
intestine,  from  stomach  to  rectum  inclusive,  was 
removed  with  forceps,  placed  on  a3  in.  by  2  in.  slide 
and  examined  under  light  pressure  from  a  covering  2  in. 
by  1  in.  slide,  using  transmitted  light  and  X25 
magnification.  As  shown  in  Fig.  l,  the  gut  was  visually 
divided  into  five  regions.  Having  noted  the  region  to 
which  the  scolex  of  each  worm  present  was  attached, 
increased  pressure  was  applied  to  the  covering  slide  to 
expel  both  the  worms  and  the  gut  contents  from  the  anus. 
During  the  latter  half  of  the  survey  a  qualitative 
inspection  of  the  gut  contents  was  made. 
4.  Examination  of  worms 
The  numbers  of  gravid,  nature  and  immature  segments  of 
each  worm  were  counted.  Segments  full  of  eggs  characterised 
segments  classed  as  gravid,  while  weil  formed  testes  and 
ovaries  accompanied  by  prominent  vitellaria  distinguished 
mature  segments.  Both  strobilate  worms  and  plerocercoids 
were  transferred  individually  to  watch  glasses  containing 
0 
water  at  4  C,  al  lowed  to  relax  until  dead,  and  the  length 
measured  with  a  micrometer  eyepiece. 52 
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RESULTS 
Details  of  the  numbers  of  fish  caught,  the  numbers 
infected,  the  numbers  of  worms  found,  the  incidence  and 
mean  worm  burden  each  month  are  presented,  along  with 
the  monthly  temperature  records  in  Table  I. 
1.  Incidence  and  mean  worm  burden 
The  incidence  was  low  in  September  and  Oc-'Lober  1967, 
considerably  higher  from  TTovc3nber  1967  to  April  1968, 
before  falling  in  May  1968.  (Fig.  2)The  incidence  was  higher 
in  June  and  July  1968  reaching  a  peak  in  August  1963.  The 
incidence  then  fell  remaining  low  from  October  to  December 
1968  and  then  rose  during  the  months  January  to  April  1969. 
The  incidence  was  low  in  May  and  June  1969,  and  then  fell 
to  low  levels  in  November  1969. 
The  mean  worm  burden  (i.  e.  the  number  of  worms  per 
infected  fish)  of  adjacent  months  have  been  meaned  (Fig  3) 
to  smooth  out  chance  variation  (Table  I).  The  mean  worm 
burden  over  the  survey  was  1.97.  The  burden  was  low  in 
September  and  October  1967,  somewhat  higher  from  November/ 
December  1967  to  September/October  1968.  The  worm  burden 
was  low  in  November/December  1968  and  January/February 
1969.  Although  relatively  high  in  T:  iarch/April  1969,  the 
mean  worm  burden  fell  gradually  throughout  the  remainder 54 
Table  I  The  incidence  and  mean  worm  burden  of  Protcoccphalus  filicollis  In  Gasttroste  ue  tu  from  Scptcmbl 
1967  to  December  1969  in  the  Forth  and  Clyde  Canal  in  Glasgow,  together  with  the  monthly  temßerature  records. 
MONTH  NUMBER  MEAN 
AND  NUMBER  OF  FISH  INFECTION  OF  WORM  TEMPERATURE 
YEAR  EXAMINED  INFECTED 
% 
WORMS  BURDEN 
oC 
1967 
SEPT,  44  6  13.6  8  1.3  100 
OCT.  83  it  132  16  1.4  100 
NOV.  ss  19  35.0  42  2.2  6.0 
DEC.  30  13  43.3  36  2.7  S"0 
1968 
JAN,  40  20  500  43  2.1  40 
FEB.  31  IS  48.3  31  2.0  4.0 
MAR,  49  22  44.8  65  2.9  4.5 
APR,  40  18  450  38  2"I  9.0 
MAY  54  7  12.9  17  2.4  13.0 
JUNE  60  22  36.6  54  2.4  21.0 
JULY  7I  26  36.6  52  2.0  15.5 
AUG.  60  45  75.0  96  2.1  14.5 
SEPT  60  38  63.3  98  3.8  IS-5 
OCT.  56  18  32.1  33  1.8  12.0 
NOV.  6'7  18  26.8  28  1"S  4.0 
DEC,  41  18  29.0  31  1.7  4.5 
1969 
JAN.  51  21  41.0  29  1.3  2.5 
FEB.  62  29  46.7  62  2.1  3.0 
MAR.  58  26  44.8  56  2.1  3.0 
APR.  42  23  54.7  59  2.5  5.0 
MAY  60  12  20.0  22  1.8  11.5 
JUNE  61  10  16.3  21  2.1  15.5 
JULY  60  13  21.6  19  1.4  17.0 
AUG"  60  17  28.3  23  1.3  18.0 
SEP1  61  20  32.7  35  1.7  17.0 
OCT.  60  13  21.6  18  1.3  10.5 
NOV.  60  9  14.9  10  I"I  10.0 
DEC,  60  18  300  23  1.2  4.0 N 
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As  the  incidence  and  mean  worm  burden  did  not 
always  rise  and  fall  in  unison  (table  I)  the  product 
of  the  incidence  and  mean  worm  burden  (the  mean  worm 
burden  of  the  fish  sample)  is  useful  as  it  yields  a 
clearer  picture  of  the  dynamics  of  the  worm  population. 
2.  The  worm  burden  of  the  fish  sample 
The  worm  burden  of  the  fish  sample  was  low  in 
September  and  October  1967  (Fig.  4),  relatively  high  from 
November  1967  to  April  1968,  and  fell  in  May  1968.  The 
worm  burden  of  the  fish  sample  then  rose  reaching  a  peak 
in  September  1968.  The  burden  fell  in  October  1968 
remaining  low  until  January  1969.  The  burden  was 
relatively  high  from  February  to  April  1969,  fell  in  May 
1969  and  remained  low  for  the  rest  of  the  year. 
The  period  May  to  August  1969  illustrates  the  useful- 
ness  of  calculating  the  worm  burden  of  the  fish  samples. 
The  incidence  and  mean  worm  burden  rose  and  fell  out  of 
phase  resulting  in  a  confused  situation  (Table  1).  The 
virtually  constant  worm  burden  of  the  fish  samples  during 
the  period,  however,  indicates  that  the  individual 
variations  in  incidence  and  mean  worm  burden  were  of  little 
significance. C 
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Although  relatively  scarce  in  April  and  May  of  each 
year  (see  Fig.  5),  plerocercoids  made  up  a  very  consider- 
able  percentage  of  the  worm  population  throughout  the 
survey  period.  Strobilate  non-gravid  worms  were 
particularly  prevalent  in  the  above  months,  and  although 
present  throughout  the  survey  were  scarce  from  August  to 
December  1968  and  from  July  to  October  1969. 
Gravid  worms  occurred  every  month  except  September 
and  October  1967  and  May  1969. 
4.  Worm  position 
(a)  The  strobilate  worm  population 
Of  the  strobilate  worms  4  (1.5%)  were  attached  in 
the  rectum  (Pig.  6).  Of  these  4  worms,  3  were  gravid. 
Most  strobilate  worms  were  attached  in  the  anterior  and 
mid-intestine.  No  seasonal  variation  in  the  distribution 
of  strobilate  worms  in  the  intestine  occurred. 
Gravid  worms  occurred  in  all  regions,  over  60%  were 
found  in  the  two  anterior  regions  combined.  Of  the  worms 
attached  in  the  pyloric  region  72%  were  gravid. 
(b)  Seasonal  distribution  of  plerocercoids  between  the 
"rectum  and  the  intestine  anterior  to  the  ileo-rectal 
i. 
`.. 
lý 
a 
valve. Fig  5.  The  percentage  of  plerocercoids  (cleor1,  strJJ%,  ctz  aan-grovii  (crozshatched  and  gravid  (black) 
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0/0  SWJOIIt  0 Plerocercoids  were  concentrated  in  the  rectum  in 
September  and  October  1967,  from  August  to  December 
1968,  and  from  September  to  December  1969  (Fig.  7). 
From  February  to  July  1968,  and  from  March  to  August 
1969  plerocercoids  were  concentrated  anterior  to  the 
ileo-rectal  valve.  A  transitional  period  between 
plerocercoid  concentration  in  the  rectum  and  the  4 
anterior  intestine  regions  occurred  from  November  1967 
to  January  1968,  and  in  January  and  February  1969.  The 
May  1968  distribution  is  of  doubtful  significance  as  it 
is  based  on  very  few  plerocercoids. 
5.  Worm  size,  segmentation  and  maturity 
, 
(a)  Strobilate  worms 
As  indicated  in  Fig.  8  gravid  worms  were  generally 
longer  than  non-gravid  worms.  Gravid  and  non-gravid 
worms  ranged  in  length  between  6  and  36.8  mm,  and  2  and 
17.8  mm  respectively.  Thus  both  non-gravid  and  gravid 
worms  made  up  the  total  worm  population  in  the  6  mm  to 
17.8  mm  length  range. 
Gravid  and  non-gravid  worms  possessed  between  13  and 
41,  and  3  and  36  proglottids  respectively  (Pig.  9).  Thus 
worms  with  between  13  and  36  segments  inclusive  were  either 
gravid  or  non-gravid,  the  more  segmented  worms  being  more 
likely  to  be  gravid. G  /pO 
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(b)  Plerocercoid  length 
Plerocercoids  ranged  in  length  from  0.32  mm  to 
5.04  mm,  mean  1.32  mm  (702  measured).  Plerocercoids 
less  than  1  mm  occurred  each  month,  being  most  common 
from  June  to  September  1968  and  from  July  to  September 
1968  and  from  July  to  September  1969  when  the  mean  length 
was  around  1  mm  or  less  (Pig.  10).  The  mean  plerocercoid 
length  throughout  the  rest  of  the  year  tended  to  be 
greater  especially  in  late  winter. 
During  the  transitional  period  between  plerocercoid 
concentration  in  the  rectum  and  the  intestine  no 
correlation  between  length  and  position  was  observed. 
6.  Distribution  of  Proteocephalus  filicollis  in  the 
fish  samples 
(a)  Distribution  according  to  size  of  fish 
Fig.  11  indicates  that  the  infection  is  spread  among 
the  various  size  groups  each  month.  All  size  groups  of 
fish  harboured  gravid  worms.  In  July  1968,  and  July  and 
August  1969  0+  fish  appeared  in  the  fish  samples  becoming 
infected  soon  after,  as  very  small  fish.  Gravid  worms 
were  even  recorded  to  infect  0+  fish  in  July  1968.  Fish 
less  than  3  cm  long  made  up  a  much  larger  part  of  the 
samples  throughout  the  second  winter,  than  during  the 0r 
Fig  10  The  range  and  mean  length  of  plerocercoids  of  Proteocepholus  filicof>is 
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The  number  of  plerocercoids  measured  each 
month  is  indicated Figure  11 
The  distribution  of  worms  in  the  fish  population 
according  to  size  of  fish  from  October  1967  to 
December  1969.  Black  area  shows  the  number  of 
uninfected  fish;  white  the  number  of  infected  fish; 
black  dot  on  white  area  indicates  a  fish  infected 
with  1  or  more  gravid  worms  with  or  without 
immature  worms.  The  ordinate  shows  the  number 
of  fish,  the  abscissa  shows  the  length  of  fish  in 
centimetres.  Each  group  is  2  mm.,  except  the 
first  column  which  is  all  fish  2  cm.  and  less,  and 
the  last  which  is  all  fish  5  cm.  and  over. 
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(b)  Distribution  according  to  fish  sex 
Of  the  1,550  sticklebacks  examined,  40o  were  female, 
41%  male,  and  11%  were  not  sexed.  31.5%  and  30.5%  of 
the  female  and  male  fish  respectively  were  infected. 
7.  The  diet  of  sticklebacks  in  the  canal 
Throughout  the  year  the  basic  food  of  canal  stickle- 
backs  was  chironomids  and  cladocera.  Copepods  made  up 
part  of  the  diet  throughout  the  period  June  1968  to 
December  1969  (Fig.  12).  Over  40%  of  the  fish  had  been 
feeding  on  copepods  in  September  1968  and  July  1969. 
No  copepod  containing  a  proteocephalid  procercoid  was 
ever  found,  nor  was  there  ever  any  indication  of  a 
cessation  of  feeding  either  in  winter  or  before  or  during 
the  breeding  season  in  June  and  July. 
8.  The  temperature  of  the  canal 
The  water  temperature  of  the  canal  was  much  higher 
in  June  1968  (Table  I)  than  in  June  1969.  However 
higher  water  temperatures  in  the  region  of  17°C  persisted 
in  the  canal  from  June  to  September  1969  while  in  1968 
temperatures  in  the  region  of  15°C  were  recorded  for  the 
rest  of  the  summer.  Extremely  low  temperatures  were '19  12  The  pcrccntagc  c*.  Gc'  tcro  tcus  aculcatus  in  the  canal 
fccdi,  g  on  copepods 
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1966  1969 recorded  from  November  1967  to  March  1968,  and  from 
November  1968  to  April  1969.  It  is  apparent,  however, 
that  the  canal  water  began  to  warm  up  in  April  of  both 
years.  Ice  frequently  covered  the  canal  for  long  periods 
during  January,  February  and  larch  in  both  years. DISCUSSION 
(a)  Maturation 
Seasonal  cycles  of  maturation  have  been  shown  for 
Proteocephalus  torulosus  in  dace  (Leuciscus  leuciscus) 
in  the  river  Avon  (Kennedy  and  Hine,  1969),  for  P. 
stizostethi  in  the  yellow  pikeperch  Stizostedion  vitreum 
vitreum  in  Canada  (Connor  1953),  for  Proteocephalus  sp. 
in  Coregonus  lavaretus  in  Loch  Lomond  (Section  5  ),  and 
for  Proteocephalus  spp.  in  Coregonus  spp.  in  Lake  Maggiore 
(Grimaldi  1964).  Similarly  Hopkins  (1959)  and  Willemse 
(1968)  have  demonstrated  seasonal  maturation  cycles  for 
P.  filicollis  in  Scotland  and  the  Netherlands  respectively. 
Thus  proteocephalids  of  fish  in  temperate  climates  mature 
seasonally. 
Chappell  (1968),  however,  found  that  P.  filicollis 
did  not  mature  seasonally  in  a  Yorkshire  pond;  gravid 
worms  were  present  in  every  sample.  Similarly  gravid 
worms  occurred  all  year  round  in  the  canal  in  Glasgow 
(Fig.  5).  Thus  P.  filicollis  in  certain  sites  need  not 
mature  seasonally. 
Hopkins  (1959)  found  that  P.  filicollis  became  gravid 
in  May  and  June,  plerocercoids  being  acquired  in  July  and 
August.  These  plerocercoids  did  not  strobilate  and  mature 
until  the  following  spring  and  summer.  Plerocercoids (5 
acquired  by  0+  fish  in  June  and  Julyin  the  canal  became 
gravid  that  summer  e.  g.  July  1968  or  later  in  the  year 
e.  g.  October  and  December  1969  (Fig.  11).  The  presence 
of  gravid  worms  throughout  most  of  the  year  (Pig.  5)  also 
indicates  that  plerocercoids  in  the  canal  need  not,  as 
in  the  pond  studied  by  Hopkins(1959),  overwinter  before 
strobilation  and  maturation. 
The  proximity  of  the  canal  site  and  the  Lanarkshire 
pond  studied  by  Hopkins  (1959)  renders  any  hypothesis, 
based  on  meteorological  factors,  explaining  the  different 
maturation  patterns  in  the  two  sites,  worthless.  Plero- 
cercoids  in  the  canal  were,  as  indicated  by  the  rising 
worm  burden  of  the  fish  samples  (Fig.  4)  and  the  presence 
of  small  plerocercoids  (Pig.  lO  ),  acquired  during  the 
winter  months.  In  the  Lanarkshire  pond  (Hopkins  1959)  no 
infections  were  acquired  from  November  until  July.  This 
latter  period  might  well,  indirectly,  have  been  partly 
responsible  for  the  appearance  of  a  seasonal  maturation 
cycle  in  the  Lanarkshire  pond. 
(b)  Incidence 
Hopkins  (1959)  found  a  distinct  seasonal  incidence 
cycle  for  P.  filicollis  clearly  related  to  the  seasonal 
maturation  cycle.  The  absence  of  a  seasonal  incidence 
cycle  in  the  canal  (Pig.  2)  is  thus  not  unexpected !b 
considering  the  lack  of  a  seasonal  maturation  cycle. 
Likewise  no  seasonal  cycle  of  the  worm  burden  of  the 
fish  samples  was  noted  (Fig.  4).  The  presence  (Pig.  10) 
of  small  plerocercoids  throughout  the  year  suggests 
continuous  worm  recruitment.  Mature  and  gravid  worms 
(Fig.  5)  are,  however,  greatly  outnumbered  by  immature 
worms.  Immature  worms  were  therefore  being  lost  at 
a  considerable  rate.  Thus  changes  in  incidence  and 
worm  burden  (Pigs.  2,3  and  4)  can  be  explained  by 
relative  changes  in  the  rates  of  worm  recruitment  and 
loss.  As  the  rate  of  growth  of  plerocercoids  is  unknown 
(Section  1)  it  is  impossible  to  determine  whether 
falling  incidence  is  due  to  increased  worm  loss  or 
decreased  worm  recruitment  and  vice  versa.  The  dynamics 
of  proteocephalid  infections  of  fish  have  been  discussed 
elsewhere  (Hopkins  1959,  Section  5  ). 
Wagner  (1954)  showed  that  oncospheres  of  Proteoceph  alus 
tumidoeollus  in  copepods  at  4°C  and  below  do  not  develop, 
and  remain  small  for  many  weeks.  When  he  raised  the 
temperature  to  summer  levels  normal  development  of  these 
retarded  metacestodes  ensued.  Thus  it  is  likely  that 
P.  filicollis  eggs  released  in  January  and  February 
(Pig.  5)  and  ingested  by  copepods  would  only  become  fully 
infective  procercoids  in  summer.  The  continuous 77 
plerocercoid  recruitment  and  the  continuous  release  of 
eggs  suggest  that,  in  the  canal  at  least,  there  exists 
an  ever  present  pool  of  procercoids  in  the  copepod 
population.  Evidence  for  the  presence  of  procercoids 
of  a  species  of  Proteocephalus  infecting  Coregonus 
lavaretus  in  the  copepod  population  for  most  of  the  year, 
was  presented  in  Section  5  Future  investigations 
into  the  dynamics  of  fish  tapeworms  should  clearly  involve 
study  of  the  worm  infection  in  both  the  fish  and  copepod 
hcs  ts. 
(c)  Worm  location  in  the  stickleback  intestine 
1.  Plerocercoids 
In  the  Lanarkshire  pond  studied  by  Hopkins  (1959) 
plerocercoids,  which  occurred  only  from  July  to  March, 
were  virtually  all  attached  in  the  rectum.  Similarly 
Vlillemse  (1968)  stated  that  all  plerocercoids  were  located 
in  the  rectum.  Only  2  plerocercoids,  however,  were  found 
by  Chappell  (1969)  in  the  rectum.  P.  filicollis  plero- 
cercoids  in  the  canal  showed  a  seasonal  distribution 
pattern  down  the  length  of  the  fish  gut  (Pig.  7).  It 
was  shown  in  Section  1  that,  at  15°C,  procercoids 
initially  attach  as  plerocercoids  in  the  anterior  and  mid- 
intestine  regions.  Likewise  it  is  clear  that  plero- 
cercoids  attach  initially  anterior  to  the  ileorecta 78 
valve  from  February  to  July  1968,  and  from  March  to 
August  1969.  However,  in  September  and  October  1967, 
from  August  to  December  1968  and  from  September  to 
December  1969  it  would  seem  that  initial  attachment  was 
occurring  in  the  rectum.  The  ability  of  plerocercoids 
to  migrate  has  been  suggested  by  Hopkins  (1959)  for  P. 
filicollis,  shown  in  Section  5  for  Proteocephalus  sp. 
in  Coregonus  lavaretus,  and  shown  experimentally  by  Wagner 
(1954)  for  P.  tumidocollus  in  trout.  Thus  it  would  seem 
that  the  initial  position  of  attachment  has  little  bearing 
on  the  position  which  a  plerocercoid  takes  up  to  complete 
its  development. 
2.  Strobilate  worms 
There  was,  however,  no  apparent  spatial  seasonal 
distribution  of  strobilate  worms  within  the  stickleback 
gut.  Since  3  of  the  4  strobilate  worms  (Fig.  6)  attached 
in  the  rectum/  were  gravid:,  it  seems  probable,  especially 
since  their  strobilae  were  outwith  the  intestine  in  the 
water,  that  these  worms  were  in  the  process  of  being  lost. 
Extreme  anterior  attachment  of  gravid  P.  filicollis 
in  the  stickleback  gut  was  noted  principally  by  .  iopkino 
(1959).  The  great  majority  of  worms  attached  close  to 
the  pyloric  valve  in  this  study  were  gravid.  The  adults 79 
of  other  proteocephalids  (Gresson  &  Corbett  1954, 
Willemse  1968  and  Section  5)  apparently  also  attach 
anteriorly.  Anterior  attachment  presumably  provides  a 
greater  length  of  suitable  intestine  for  etrobila 
development.  In  this  connection  it  is  interesting  that 
Braten  &  Hopkins  (1969)  have  found  that,  as  Hymenolepis 
diminuta  grows,  it  attaches  more  anteriorly  within  the 
rat  intestine  thus  maintaining  its  strobila  in  a 
physiologically  favorable  intestinal  region. 
The  strobilae  of  large  gravid  P.  filicollis  are  in 
general  longer  than  the  4  anterior  intestinal  regions 
combined,  especially  in  smaller  fish,  resulting  in  the 
formation  of  a  U-bend  in  the  strobila  near  the  ileo-rectal. 
valve,  the  posterior  segments  being  directed  anteriorly 
instead  of  posteriorly  in  the  intestine.  Strobilate  worms 
were  never  found,  irrespective  of  their  position  of  attach- 
ment  in  the  4  anterior  intestine  regions,  with  their 
posterior  segments  lying  in  the  rectum.  This  either 
means  that  the  rectum  is  physiologically  unfavourable  to 
proglottids  of  strobilate  worms,  or  passive  passage  of 
tapeworm  strobilae  through  the  ileo-caecal  valve  is 
impossible.  Meggitt  (1914)  found,  as  did  the  present 
author,  the  occasional  occurrence  of  large  gravid  P. 80 
filicollis  shedding  their  eggs  into  the  water  with  their 
scoleces  still  attached  within  the  fish  rectum.  He 
believed  that,  once  ready  to  release  its  eggs,  a  gravid 
worm  migrated  down  the  intestine  and  became  attached 
posteriorly  letting  its  strobila  hang  freely  in  the  water. 
Having  released  most  of  its  eggs  the  whole  worm  was  then 
lost.  Meggitt  thought  that  the  posterior  migration  was 
passive  being  due  to  peristaltic  movements  of  the  fish 
gut.  It  now  seems  more  likely,  however,  that,  since  gravid 
worms  were  attached  in  all  gut  regions  there  is  migration 
of  the  scoleces  of  gravid  worms  from  the  anterior  regions 
to  the  rectum.  This  view  is  supported  by  the  evidence  and 
also  by  the  more  general  realisation  (Braten  &  Hopkins 
1969,  Hopkins  1970)  that  tapeworms  are  by  no  means 
parasites  incapable  of  independant  specifically  orientated 
movement  within  the  gut  environment. 
Since  strobilate  worms  were  virtually  confined  to  the 
4  anterior  intestine  regions  while  plerocercoids  occurred 
both  in  the  rectum  and  the  4  anterior  regions  it  seems 
reasonable  to  state  that  strobilation  can  only  occur  in  the 
latter  regions.  It  is  impossible  to  say,  however, 
whether  the  anterior  regions  stimulate  strobilation  or 
whether  the  rectal  environment  inhibits  it.  It  has  been 
suggested  in  Section  5  that  plerocercoids  of 81 
Proteocephalus  sp.  in  Coregonus  lavaretus  do  not 
strobilate  until  their  scoleces  are  attached  within  the 
pyloric  caeca. 
(d)  The  onset  of  strobilation 
Hopkins  (1959)  stated  that  most  plerocercoids 
strobilate  when  5-6  mm,  while  Chappell  (1969)  found 
that  strobilation  first  appeared  in  plerocercoids  1.3  - 
2.9  mm.  The  smallest  strobilate  worm  recorded  in  this 
study  was  2.08  mm  and  possessed  4  visible  segments.  One 
cannot,  however,  from  this  evidence  state  that  P.  filicollis 
in  the  canal  strobilates  when  2.08  mm.  Many  plero- 
cercoids  over  twice  as  long  were  found  showing  no 
indication  of  strobilation.  Throughout  the  two  year 
period  13  worms  with  5  segments  or  less  and  probably  newly 
strobilate  were  measured.  They  ranged  from  2.08  to  5.5 
mm,  mean  3.4  mm.  Most  worms  less  than  3.4  mm  were 
unsegmented  plerocercoids,  while,  although  the  great 
majority  of  worms  greater  than  3.4  mm  were  strobilate,  a 
considerable  number  were  still  plerocercoids.  Thus  one 
can  conclude  that  strobilation  in  canal  sticklebacks  at 
least  is  unlikely  to  occur  in  worms  much  smaller  than 
3.4  mm,  but  need  not  occur  until  plerocercoids  are  con- 
siderably  longer.  Thus  plerocercoid  size  is  considered 82 
not  to  be  wholy  responsible  for  the  onset  of  strobilation, 
other  factors  such  as  worm  position  and  host  physiological 
condition  being  probably  partly  responsible.  That 
position  is  important  was  shown  earlier  by  the  fact  that 
plerocercoids  never  strobilate  in  the  rectum.  Plero- 
cercoids  were  recorded  as  being  attached  in  the  rectum 
from  July  until  the  following  spring  by  Hopkins  (1959). 
This  long  stay  in  the  rectum  might  well  explain  why  his 
plerocercoids  were  so  large  (5  to  6  mm)  when  strobilation 
occurred  in  the  intestine  in  spring. 
(e)  The  relationship  of  worm  length,  segment  number  and 
maturation 
As  the  length  and  segment  number  of  worms  increased, 
so  also  did  their  maturity  (Pig.  8&  9).  Since  a  large 
overlap  of  worm  length  and  proglottid  counts  of  gravid 
and  non-gravid  worms  occurred  it  is  clear  that  egg 
production  is  a  direct  function  of  neither  worm  size  nor 
segment  number.  Worms  with  less  than  13  segments  or 
shorter  than  6  mm  were,  however,  unlikely  to  be  gravid. 
(f)  Worm  distribution  in  the  fish  o  ulation 
Considering  the  similar  incidence  of  Proteocephalus 
filicollis  in  both  sexes  and  the  relatively  even  spread 
of  the  infection  throughout  the  various  size  groups  of  fish 83 
each  month  (Fig.  11)  it  is  reasonable  to  conblude  that 
both  sexes  and  all  sizes  (and  ages)  of  sticklebacks  in 
the  canal  are  equally  liable  to  proteocephalid  infection. 84 
SUMMARY 
(1)  The  incidence,  intensity  of  infection  and  development 
of  Proteocephalus  filicollis  was  studied  by  the  monthly 
examination  of  approximately  60  Gasterosteus  aculeatus  in 
a  Glasgow  canal  over  a  27  month  period. 
(2)  No  seasonal  maturation  nor  incidence  cycle  was  apparent. 
(3)  Plerocercoids  showed  a  seasonal  distribution  pattern 
down  the  length  of  the  stickleback  intestine.  Plero- 
cercoids  were  concentrated  in  the  rectum  in  September  and 
October  1967,  from  August  to  December  1968,  and  from 
September  to  December  1969.  From  February  to  July  1968, 
and  from  March  to  August  1969  plerocercoids  were  con- 
centrated  anterior  to  the  ileo-rectal.  valve. 
(4)  Strobilate  worms  showed  no  seasonal  distribution 
pattern  down  the  intestine.  Gravid  worms  were  concentrated 
in  the  most  anterior  intestinal  regions. 
(5)  Gravid  worms  were  generally  longer  and  possessed  more 
segments  than  non-gravid  worms.  Although  the  onset  of 
strobilation  is  not  apparently  directly  dependant  on 
plerocercoid  size,  it  is  calculated  that  plerocercoids  in 85 
the  canal  are  most  likely  to  strobilate  when  3.4  mm. 
(6)  The  Proteocephalus  filicollis  infection  was  spread 
evenly  throughout  the  fish  samples. 86 
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SECTION  3 
Investigations  into  the  biology  of  Proteocep  alus 
filicollis  (Rud.  1810)  a  cestode  parasite  of  the 
three-spined  stickleback,  Gasterosteus  aculeatus  (L.  ) 
(3)  Incidence  and  maturation  in  a  pond  in  Glasgow.  - 
(with  11  figures  in  the  text) 89 
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INTRODUCTION 
This  study  of  the  life  cycle  of  Proteocephalus 
filicollis  in  three-spined  sticklebacks,  Gasterosteus 
aculeatus  in  a  Glasgow  pond,  forms  the  second  part  of 
an  investigation  into  the  ecology  of  the  cestode  in  the 
Glasgow  area.  The  first  section  of  the  work  (see  Section 
2)  was  executed  simultaneously. 
A  distinct  seasonal  cycle  of  incidence  and  maturation 
has  been  reported  for  P.  filicollis  by  Hopkins  (1959)  and 
Willemse  (1968).  In  the  canal  (see  Section  2)  no 
maturation  cycle  occurred,  gravid  worms  being  present  in 
most  samples. 92 
MATERIALS  AND  METHODS 
1.  The  pond 
Proteocephalus  filicollis  occurred  as  a  natural 
infection  of  three-spined  sticklebacks,  Gasterosteus 
aculeatus  in  an  artificial  pond  in  a  public  park  at 
Springburn  in  the  north  of  Glasgow.  The  pond  lies  250 
ft.  above  sea  level,  measures  approximately  150  metres  long 
by  40  metres  wide,  and  is  very  shallow,  never  more  than 
1  metre  deep.  The  pond  was  extremely  eutrophic  being 
well  weeded,  with  the  filamentous  alga  Spirogyra  abundant 
throughout  the  year  in  protected  parts  of  the  pond.  Many 
types  of  invertebrates  were  noted,  while  the  sole  vertebrate 
in  the  pond  was  the  three-spined  stickleback. 
2.  Collection  and  examination  of  fish 
From  October  1967  to  September  1969  approximately  60 
fish  were  caught  each  month  using  a4  ft.  beam  trawl.  The 
pond  temperature  at  a  depth  of  15  cm  was  noted  as  each 
sample  was  taken.  The  fish  were  taken  to  the  laboratory, 
kept  in  running  water  and  examined,  their  diet  noted,  and 
the  worms'  position,  condition,  and  length  recorded  as  in 
Sections  1.2  .A  qualitative  inspection  of  the  gut  contents 
was  made  during  the  latter  half  of  the  survey.  Difficulty 
in  catching  sufficient  fish  was  experienced  in  December  1967 93 
when  only  19  were  caught,  and  a  15  cm  thick  ice  cover  in 
February  1968  prevented  any  fish  being  caught. 
RESULTS 
Details  of  the  numbers  of  fish  caught,  the  numbers 
infected,  the  numbers  of  worms  found,  the  incidence  and 
mean  worm  burden  each  month  are  presented,  along  with  the 
monthly  temperature  records  in  Table  I. 
1.  Incidence  and  mean  worm  burden 
The  incidence  of  Proteocephalus  filicollis  in  pond 
sticklebacks  (Pig.  1)  was  low  from  October  1967  to  March 
1968,  increased  to  23%  in  April  1968,  and  then  fell  in 
May  and  June  1968.  The  incidence  soared  to  68%  in  July 
1968  before  falling  to  relatively  low  levels  in  the 
following  two  months.  From  October  1968  to  April  1969 
the  incidence  remained  high,  always  over  35%,  falling 
eventually  in  May  and  June  1969.  From  the  low  June  level 
the  incidence  increased  during  summer  and  reached  30ö  by 
September  1969. 
As  shown  in  Pig.  2  the  mean  worm  burden  (i.  e.  the 
number  of  worms  per  infected  fish)  remained  low  from 
October  1967  to  March  1968,  rose  to  2.5  in  April  1968  and 
reached  a  peak  of  7  in  July  1968.  The  mean  worm  burden 94 
Table  I  Incidence  and  mean  worm  burden  of  Proteocephalus  filicollis  In  the 
three  spined  stickleback  (G.  aculeatus  in  a  duck  pond  at  Sprlngburn 
Month  No.  of  Mean 
and  No.  of  sticklebacks  Infected  worms  worm 
year  examd.  Infected  %  found  burden  Temperature  °C 
/infected  fish 
1967 
Oct  179  26  I5  40  1.5  7.0 
Nov  67  4661.5  40 
Dec  17  0000.0  4.0 
1968 
Jan  42  2  5  2  NO  50 
Feb  No  sample 
Mar  50  4  8  4  1.0  5.5 
Apr  40  9  23  23  2.5  9.0 
May  46  7  I5  14  20  10.0 
June  70  6  9  II  18  13.0 
July  60  41  68  289  7.0  17.0 
Aug  81  20  25  34  1.7  20.0 
Sept  67  13  19  21  1.6  16.0 
Oct  68  29  43  62  2.1  12.0 
Nov  55  29  53  60  2.0  4.0 
Dec  55  19  35  40  2.1  6.0 
1969 
Jan  58  30  52  79  2.6  2.5 
Feb  70  31  44  70  2.2  2.5 
Mar  58  21  36  37  1.7  3.0 
Apr  58  22  38  56  2.5  5.0 
May  59  10  17  39  3.9  7.5 
June  60  4  70  7  I.  7  12.0 
July  60  12  20  19  1.5  10.5 
Aug  56  12  21  I5  1.2  19.0 
Sept  59  17  29  22  1-2  15.0 95 
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fell  to  1.7  in  August  1968.  From  September  1968  to 
April  1969  the  mean  worm  burden  remained  over  2,  rose  to 
3.9  in  May  1969,  and  then  fell  to  remain  below  2  through- 
out  summer  1969. 
As  in  the  canal  survey  (Section  2)  the  incidence 
and  the  mean  worm  burden  did  not  always  rise  and  fall 
in  unison,  a  phenomenon  discussed  in  Section  2.  A 
study  of  the  product  of  the  incidence  and  mean  worm 
burden  (the  worm  burden  of  the  fish  sample)  yields, 
however,  a  clearer  picture  of  the  dynamics  of  the  worm 
population. 
2.  The  worm  burden  of  the  fish  sample 
The  tremendous  increase  in  the  worm  burden  of  the 
fish  sample  in  July  1968,  its  collapse  in  August  1968, 
and  iV  failure  to  repeat  itself  in  the  following  year 
are  the  most  outstanding  features  of  Fig.  3.  The  worm 
burden  of  the  fish  sample  was  low  during  the  first  autumn 
and  winter  compared  to  the  relatively  high  levels  which 
occurred  over  the  corresponding  period  of  the  second 
year. 
3.  Worm  maturation 
Plerocercoids  were  relatively  rare  in  the  worm 98 
Fig  3  The  Proteoce  pholus  filicollis  worm  burden  in  Gasterosteus  aculeatus 
each  month  from  October  1967  to  September  1969 
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sample  in  November  1967,  ?.  gay  and  September  1968  and 
totally  absent  in  August  1969  (Iig.  4)  Strobilate 
non-gravid  worms  occurred  each  month  except  January  and 
March  1968  when  few  worms  at  all  occurred.  From  April 
to  August  1968  and  in  June  1969  strobilate  non-gravid 
worms  contributed  greatly  to  the  strobilate  worm  population. 
Gravid  worms  were  common  in  October  1967,  and  prominent 
in  November  1967,  and  January  and  March  1968  when  the 
worm  burden  of  the  fish  sample  (Fig.  3  )  was  very  low. 
Although  rare  from  April  to  August  1968,  gravid  worms 
were  common  from  September  1968  to  September  1969,  although 
absent  in  June  1969.  The  gravid  worm  population,  however, 
recovered  in  late  summer. 
1ý.  Worm  position 
(a)  Strobilate  worms 
Strobilate  worms  occurred  in  all  regions  of  the 
stickleback  gut  (Fig-5),  being  most  prevalent  in  the 
anterior  intestine  where  43.21/ä  occurred,  while  33.2'o  were 
attached  in  the  mid-intestine.  Very  few  strobilate  worms 
(0.6>  or  2  of  the  324  strobilate  worms  recorded)  were 
found  in  the  rectum. 
Gravid,  mature  and  immature  worms  occurred  in  all 
regions.  Over  70iß  of  the  gravid  worms  occurred  in  the 100 
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two  anterior  regions  with  72.7%  of  all  worms  found  in 
the  pyloric  region  being  gravid.  P,:  ature  and  immature 
worms  were  evenly  dispersed  between  the  anterior  and  mid- 
intestine  regions,  while  60.  of  all  worms  in  the  posterior 
intestine  were  gravid.  No  seasonal  distribution  of  the 
strobilate  worm  population  down  the  length  of  the  stickleback 
gut  occurred. 
(b)  Plerocercoids 
Nearly  70`,  0  of  the  627  plerocercoids  recorded 
during  the  survey  were  attached  in  the  mid-intestine(Fig. 
6)  while  only  5.9,  and  0.6%ä  were  attached  in  the  rectum 
and  pyloric  region  respectively.  The  scarcity  of  plero- 
c  ercolds  in  the  rectum,  the  apparent  lack  of  a  seasonal 
distribution  of  plerocercoids  between  the  rectum  and  the 
anterior  gut  regions  rendered  the  study  of  plerocercoid 
position  in  relation  to  season  superfluous. 
5.  Worm  size,  segmentation  and  maturity 
(a)  Strobilate  worms 
As  indicated  in  Fig-7  gravid  worms  were  generally 
longer  than  non-gravid  worms.  Gravid  and  non-gravid  worms 
ranged  in  length  between  6.4  mm  and  35.2  mm,  and  1  mm  and 
15.8  mm  respectively.  Thus  between  6.  L.  mm  and  15.8  mm, 
worms  were  either  non-gravid  or  gravid. 103 
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Gravid  and  non-gravid  worms  possessed  between  12 
and  44,,  and  2  and  24  segments  respectively  (Fig.  8). 
Worms  with  between  12  and  24  segments  were  either  gravid 
or  non-gravid  the  worms  with  more  segments  being  more 
likely  to  be  gravid. 
(b)  Plerocercoid  length 
Plerocercoids  ranged  in  length  from  0.32  mm 
to  4.9  mm,  mean  1.28  mm  (537  measurei 
a  few  plerocercoids  occurred  in  many 
individuals  less  than  1  mm  long  were 
samples.  Zarge  plerocercoids,  over 
relatively  frequent  in  October  1967, 
January  and  February  1969. 
i).  Although  only 
months  (Fig.  9) 
present  in  most 
2  mm,  were 
April  1968,  and 
6.  The  distribution  of  P.  filicollis  in  the  fish  samples 
(a)  Distribution  according  to  size  of  fish 
The  worm  infections  were  evenly  spread  through- 
out  the  various  size  groups  of  fish  caught  most  months 
(Fig.  10).  Although  gravid  worms  occurred  basically 
in  the  smaller  fish  during  the  autumn  and  winter  of  the 
second  year  when  such  fish  made  up  the  bulk  of  the  catch 
it  seems  likely  considering  other  months,  e.  g.  October 
1967,  that  gravid  worms  had  an  equal  chance  of  occurring 
in  small  and  large  fish. N 
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In  July  of  each  year  0+  fish  first  appeared  in  the 
fish  samples  becoming  infected  as  very  small  fish. 
(b)  Distribution  according  to  fish  sex 
Of  the  1,421  sticklebacks  examined,  693  were 
female,  369  male,  and  359  undetermined.  The  large  number 
of  unsexed  fish  is  explained  by  the  difficulty  in  sexing 
the  high  numbers  of  very  small  fish  caught  in  some  months 
(Pig.  10).  20.71  and  26.50of  the  females  and  males 
respectively  were  infected. 
7.  The  diet  of  sticklebacks  in  the  pond 
Chironomid  larvae  and  various  species  of  cladocera 
made  up  the  bulk  of  the  stickleback  diet  during;  the  survey. 
Over  20  of  the  fish  in  June  and  December  196A,  and  from 
February  to  May  1969  had  been  eatinsr  copepods  (Fitt.  11). 
The  peak  level  of  copepod  ingestion  was  March  1969.  Few 
fish  were  feeding  on  copepods  in  August  and  September  1968, 
and  July  and  August  1969.  No  copepod  containing  a 
proteocephalid  procercoid  was  ever  noted,  nor  was  there 
ever  any  indication  of  a  cessation  of  feeding  either  in 
winter,  or  before,  or  during  the  breedin,  -  season  in  summer. 
g.  The  temperature  of  the  pond 
From  November  to  March  each  year  very  low  temperatures 
prevailed  (Table  I).  The  pond  began  to  warm  up  in  April Figure  10 
The  distribution  of  worms  in  the  fish  population 
according  to  size  of  fish  from  October  1967  to 
September  1969.  Black  area  shows  the  number  of 
uninfected  fish;  white  area  the  number  of  infected 
fish;  black  dot  on  white  area  indicates  a  fish 
infected  with  one  or  more  gravid  worms  with  or  without 
immature  worms.  The  ordinate  shows  the  number  of 
fish,  the  abscissa  shows  the  length  of  fish  in 
centimetres.  Each  group  is  2  mm,  except  the  first 
column  which  is  all  fish  2  cm  and  less,  and  the  last 
which  is  all  fish  5  cm  and  over. 
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and  May  each  year.  The  peak  water  temperatures  in  both 
years  (20°C  in  1968,  and  19°C  in  1969)  were  not  attained 
until  early  August.  The  temperature  build-up  to  the 
summer  maximum  each  year  was  slow. 114 
DISCUSSION 
(a)  Ivlaturation 
Seasonal  maturation  cycles  have  been  shown  for  many 
fish  proteocephalids,  including  Proteocephalus  filicollis 
(Hopkins  1959,  Willemse  1968),  in  temperate  climates. 
P.  filicollis  did  not,  however,  mature  seasonally  in  a 
Yorkshire  pond  (Chappell  1968)  and  a  Glasgow  canal 
(Section  2  ),  gravid  worms  occurring  throughout  most  of 
the  year.  Seasonal  maturation  of  P.  filicolli:  did  not 
occur  in  this  present  pond  survey  (Pig.  4).  The  April 
to  August  1968  period  when  gravid  worms  were  seldom 
present,  was  not  repeated  in  1969.  The  high  percenta  e 
of  gravid  worms  during  the  1968/69  winter.  : indicates  clearly 
loth 
that  P.  -rilicollis  overl:  wintered  in  the  fi  sh^as  plerocer- 
ai  .at  worms. 
c  olds  '0  The  presence  of  small  plerocercoid  s  an(l  copepods 
in  the  fish  intestines  throughout  the  year  suggests 
continuous  recruitment,  even  in  winter.  CA  ).  s  discussed 
elsewhere  (Section  2)  this  continuous  plerocercoid  recrlait- 
ment,  which  did  not  occur  in  the  Lanarkshire  pond  (Hopkins 
1959)  may  be  at  least  partly  responsible  for  the  non- 
seasonal  maturation  of  P.  filicollic  in  the  pond. 
(b)  Incidence 
Neither  the  incidence  (Fig.  1)  nor  the  worm  burden 115 
of  the  fish  samples  (Fig.  3)  varied  seasonally;  a 
situation  not  unexpected  considering  the  non-seasonal 
maturation  of  P.  filicollis  in  the  pond.  The  continuous 
recruitment  of  plerocercoids  and  the  high  ratio  of  non- 
gravid  to  gravid  worms  (Fig.  4)  indicates  that  consider- 
able  loss  of  non-gravid  worms  occurred.  Thus,  as 
discussed  more  fully  in  Section  2  changes  in  incidence 
can  be  related  to  changes  in  the  relative  rates  of  worm 
loss  and  recruitment.  The  collapse  of  the  worm  burden 
of  the  fish  sample  in  August  1969  (Fig.  3)  represented  a 
91;;  worn  loss,  neglecting  probable  worm  recruitment.  The 
extremely  high  July  burden,  and  hence  possible  inter-worm 
competition  for  space  and  food,  together  with  the  general 
instability  of  P.  filicollis  (Vlalkey  1967,  Section  1) 
were  probably  responsible  for  this  exaggerated  worm  loss. 
The  presence  of  gravid  worms  in  most  months  of  the  year 
and  the  continuous  plerocercoid  recruitment  together 
suggest  the  presence  in  the  pond,  as  in  the  canal  (Section 
2  )ý  of  an  ever  present  procereoid  pool  in  the  copepod 
population.  The  dynamics  of  fish  tapeworms  in  the  inter- 
mediate  copepod  host  is  discussed  in  Sections  2  and  5. 
(c)  Worn  location  in  the  stickleback  intestine 116 
1.  Plerocercoids 
Plerocercoids  of  Proteocephalus  filicollis  were 
virtually  confined  to  the  rectum  of  sticklebacks  in  a 
Lanarkshire  pond  (Hopkins  1959),  and  showed  a  seasonal 
distribution  pattern  between  the  rectum  and  the  intestine 
anterior  to  the  ileo-rectal  valve  in  the  Glas7ow  canal 
(Section  2).  Plerocercoids  rarely  occurred  in  the 
rectum  in  the  present  study.  The  problem  of  the  preferred 
site  of  plerocercoid  attachment  was  discussed  in  Section2 
where  it  was  suggested  that  the  initial  site  of  plerocer- 
coid  attachment  was  not  necessarily  permanent  and  that 
plerocercoids  could  migrate  freely  within  the  intestine. 
2.  Strobilate  worms 
Strobilate  worms,  as  in  all  other  sites  studied,  were 
virtually  confined  to  the  intestine  anterior  to  the  ileo- 
rectal  valve,  gravid  worms  being  concentrated  in  the 
anterior  regions.  One  gravid  and  one  immature  worm  were 
noted  attached  in  the  rectum,  the  strobila  of  the  former 
hanging  free  from  the  anus.  As  discussed  in  Section  2, 
the  gravid  worn  was  probably  in  the  process  of  being  lost. 
Of  the  strobilate  worms  in  the  pond,  43.2%  were  attached 
in  the  anterior  intestine  (Fig.  5)  compared  with  only  27.4% 
in  the  canal  (Section  2  ).  The  majority  (48.2'p")  of  the 117 
canal  strobilate  worms  were  attached  in  the  mid-intestine. 
(d)  The  onset  of  strorilation 
It  gras  calculated  that  strobilation  was  most  likely 
to  occur  in  the  canal  (see  Section  2)  when  plerocercoids 
were  3.4  mm.  Hopkins'  (1959)  and  Chappell'S  (1969) 
estimates  of  initial  strobilation  length  were  5  to  6  mm, 
and  1.3  to  2.9  mm  respectively.  It  was  argued  in  Section  2 
that  plerocercoid  position  was  one  of  the  factors  involved. 
in  determining  the  onset  of  strobilation.  Thus  plerocer- 
coids  anterior  to  the  ileo-rectal  valve  could  strobilate, 
while  those  in  the  rectum  developed  as  plerocercoids  and 
could  only  strobilate  after  moving  anterior  to  the  valve. 
The  concentration  of  plerocercoids  in  the  rectum  through- 
out"  most  of  the  year  perhaps  explains  :!  hy  Hopkins'  plero- 
cercoids  strobilated  at  a  much  larker  size  than  did 
Chappell'-$  whose  plerocercoids  were  at  all  times  concen- 
trated  anterior  to  the  ileo'eeetal  valve.  The  intermediate 
length  for  strobilation  in  the  canal  site  can  be  explained 
by  the  more  or  less  equal  distribution  of  plerocercoids 
between  the  rectum  and  intestine  proper. 
Since  moot  plerocercoids  in  the  present  study  of  the 
Glasgow  pond  were  found  forward  of  the  rectum  one  might 
expect  that  the  initial  length  for  plerocercoid 118 
strobilation  would  certainly  be  less  than  3.4  mm  as 
noted  in  the  canal.  To  test  this  hypothesis  the  mean 
length  of  strobilate  worms  with  5  or  fewer  segments  was 
calculated,  and  found  to  be  3.35  mm  (37  measured).  Thus 
pond  and  canal  plerocercoids  are  most  likely  to  strobi_late 
at  the  same  length.  However,  as  in  the  canal,  the  length 
of  newly  strobilate  worms  ranged  from  1.08  mm  to  over 
4  mm  indicating  that  strobilation  could  occur  over  a 
range  of  plerocercoid  lengths.  In  the  same  way  it  was 
noted  in  the  pond,  as  in  the  canal,  that  in  most  samples 
there  was  a  considerable  length  overlap  between  the  longest 
plerocercoids  and  the  shortest  strobilate  worms  indicating 
again  that  no  fixed  length  for  plerocercoid  strobilation 
exists.  The  average  size  of  pond  plerocercoids  was  1.28 
mm,  only  fractionally  smaller  than  the  1.32  mm  calculated 
for  canal  plerocercoids.  Thus  although  strobilation  of 
plerocercoids  can  occur  at  different  lengths,  there  is  no 
difference  between  the  average  plerocercoid  length,  nor 
the  length  at  which  strobilation  is  most  likely  to  occur, 
in  the  pond  and  canal  site;. 
The  relationship  of  worm  lens  th,  segment  number,  and 
maturation 
As  the  length  and  segment  number  of  strobilate  worms 119 
increased,  so  also  did  their  maturity  (Fig.  7&  8). 
The  length  and  segment  number  overlap  between  non- 
gravid  and  gravid  worms  is  similar  to  that  in  the  canal 
(Section  2  ).  The  shortest  gravid  worm  in  both  sites 
was  approximately  6  mm  while  no  worms  with  less  than  12 
and  13  segments  in  the  pond  and  canal  respectively  were 
gravid.  Although  there  tended  to  be  fewer  really  long 
gravid  worms  in  the  pond,  the  growth  and  development  of 
adult  P.  filicolli:  in  the  two  sites  was  similar. 
(f)  Worm  distribution  in  the  fish  saa  Ales 
Considering  the  similar  incidence  of  Proteocephalus 
filicollis  in  both  sexes  and  the  relatively  even  spread 
of  the  infection  throughout  the  various  size  groups  of 
fish  each  month  (especially  during  the  period  September 
1968  to  September  1969)  (Fig.  10)  it  is  reasonable  to 
conclude  that,  as  in  the  canal  (Section  2)  both  sexes 
and  all  sizes  (and  ages)  of  sticklebacks  are  equally 
liable  to  proteocephalid  infection. 
(g)  Future  research  into  the  biology  of  Proteocephalus 
filicollis 
The  straightforward  seasonal  incidence  and  maturation 
cycles  of  P.  filicollis  shown  by  Hopkins  (1959)  and 120! 
Villerise  (1969)  were  not  apparent  in  the  Glasgow  canal 
(Section  2  ),  a  Yorkshire  pond  (Chappell  1969)  and  the 
Glas  ow  pond.  Laboratory  studies  (Sectionsl&6)  demon- 
strated  the  copepod  species  in  which  the  procercoid  of 
P.  filicollis  could  develop 
, nd  also  the  time  for  full 
procercoid  development  at  summer  temperatures.  Detailed 
study  of  procercoid  development  at  lower  temperatures, 
together  with  intensive  investigation  of  the  development 
and  longevity  of  the  worm  in  the  stickleback  are  required 
before  any  suggestions  as  to  the  factors  determining  the 
different  incidence  and  maturation  patterns  ofP.  filicollis 
in  the  various  sites  can  be  put  forward.  The  difficulty 
in  keeping  the  worm  in  the  fish  host  in  the  laboratory 
(Section  1)  is  the  main  obstacle  to  be  overcome  before 
the  achievement  of  the  above  aoal. 121 
SIThU  L  RY 
1.  The  incidence,  intensity  of  infection  and  development 
of  Procephalus  f_ilicollis  was  studied  by  the  rionthly 
axamination  of  approximately  60  G-asterosteus  aculeatus 
in  a  Glas,  ow  pond  over  a2  year  period. 
2.  iio  seasonal  incidence  nor  maturation  cycle  occurred, 
3.  Both  plerocercoids  and  strobilate  worm,  were  seldom 
found  in  the  rectum  and  showed  no  seasonal  spatial 
distribution  patterns.  Gravid  worms  were  concentrated 
in  the  most  anterior  regions. 
¢.  Gravid  worms  were  generally  lonSer  and  possessed  more 
segments  than  non-gravid  worms.  Although  the  onset  of 
strobilation  is  not  apparently  directly  dependant  on 
plerocercoid  size,  it  was  calculated  that  plerocercoids 
are  most  likely  to  strobilate  when  3.4  mm. 
5.  The  Proteocephalus  filicollis  infection  was  spread  evenly 
throughout  the  fish  samples. 1171T,  ERE,  7  , Tc  s 
CTI  PPELL,  L.  H.  (1969).  The  parasites  of  the  three-spined 
stickleback  Gasterosteus  aculeatus  L.  from  a  Yorkshire 
pond.  1.  Seasonal  variation  of  the  parasite  fauna.  J. 
Fish.  Biol.  (1969)  1,137-152. 
HOPKII'TS,  C.  A.  (1959).  Seasonal  variations  in  incidence 
and  development  of  the  cestode  Pr_oteocephalus  filicollis 
(Rud  1810)  in  Gasterosteus  aculeatus  (L1766). 
Parasitology,  49,529-542. 
!A  KEY,  M.  (1967).  The  ecology  of  Neoechinorhynchus  rutili 
(Iý,  2hler)  .  J.  Parasit.  53,4,795-804. 
WITLE"ISE,  J.  J.  (1968).  Proteocephalus  filicollis  (Rudolphi, 
1902)  and  Proteocephalus  ambiguus  (Dujardin,  1845),  Two 
hitherto  Confused  Species  of  Cestodes.  J.  Helminth.,  17, 
395-410. ltiv 
SECTIOTN  4. 
Studies  on  Yroteocephalus  sp.  from  the  Loon 
Lomond  powan  Coregonus  lavaretus  (L.  )  I.  VJorm 
identity  and  procercoid  development 
in  two  species  of  copepod. 
(with  6  figures  in  the  text) INDEX 
IrTRODUCTION 
004-0-0000  .  ..  94  .............  ........ 
125 
MATERIALS  AND  METHODS  ...........................  126 
RESULTS  ...........  ...............................  129 
(1)  Ident  ty  of  adult  worms 
.....................  129 
(11)  The  structure  of  the  eF,  &,  129  .................... 
(111)  Procercoid  development  ,...,.,,.,,,..  ý...., 
131 
DISCUSSION  ......................................  141 
SUMMARY  .........................................  144 
PEFERM;  CEZ  ......  ................................  145 1Ap  li 
INTRODUCTION 
Copland  (1957)-reported  the  presence  of  Proteo- 
cephalus  fallax  (La  Rue  1911)  in  the  intestine  of  the 
powan  Coregonus  lavaretus  in  Loch  Lomond.  During  a 
study  of  the  seasonal  dynamics  of  this  worm  in  the  powan 
(See  Section  5)  it  was  noted  that  mature  and  gravid 
worms  appeared  to  be  considerably-larger  and  more  robust 
than  P.  fallax  as  described  by  La  Rue  (1911).  A  study 
of  the  major  diagnostic  characters  of  the  worms  was 
therefore  undertaken. 
Since  powan  are  neither  predatory  nor  canibalistic 
(Slack,  Gervers  and  Hamilton  1957)  it  was  assumed  that 
they  became  infected  by  eating  infected  copepods.  Eggs 
were  obtained  from  gravid  worms  and  the  development  of 
the  procercoid  in  two  species  of  copepod  is  described. j,  !dv 
MATERIALS  AND  METHODS 
U  sing  gill  nets,  powan  Core  onus  lavaretus  were 
caught  each  month  fcr  a2  year  period  (See  Section  5). 
Immediately  after  landing,  the  fish  were  taken  to  the 
laboratory,  killed  with  a  blow  to  the  head,  and  the  gut 
from  stomach  to  anus  removed.  The  guts  were  then 
placed  singly  in  covered  petri  dishes  containing  2  ml 
of  Hanks'  and  maintained  at  4°C.  Within  24  hours  each 
intestine  was  slit  longitudinally  and  the  adult  worms, 
found  in  summer,  were  washed  in  Hanks'  saline  and  then 
allowed  to  relax  until  dead  in  tap  water  at  4°C.  Worms 
c4 
were  fixed  in  1CY,  fo  formalin,  stained  with  Grahacher's 
Borax  Carmine  (Gurr's  ltd.,  London),  and  differentiated 
in  HCi  /7O  ethanol.  Worms  were  cut  into  convenient 
lengths  before  clearing  in  xylene  and  mounting  in  Canada 
balsam.  The  taxonomically  important  diagnostic 
features  of  the  worms'  anatomy  were  examined  and  measured 
with  a  camera  lucida. 
When  gravid  worms  were  placed  in  water  thousands  of 
eggs  were  released.  Under  negligible  coverglass  13 
pressure  the  dimensions  of  the  various  membranes  of  the 
egg  were  measured  with  a  camera  lucida.  The  gross 
morphology  of  the  egg  was  also  examined. 
Two  species  of  copepod,  Mesocyclops  leuckarti  (Claus) ltiI 
and  Diaptomus  gracilis  were  collected  from  Loch  Lomond  on 
the  29th  July  1969,  by  towing  a  zooplankton  net  behind  a 
boat.  The  plankton  was  taken  to  the  laboratory  in  a9 
litre  plastic  container  containing  loch  water  and  kept  at 
15°C  with  its  lid  off.  After  2  days  a  few  hundred  ml 
of  the  contents  of  the  copepod  container  were  poured 
through  a  210  p  seive  (Endecotts,  London).  The  collected 
copepods  were  then  washed  into  a  shallow  dish  with  just 
enough  water  to  cover  the  bottom.  With  the  aid  of  a 
pasteur  pipette  individual  adult  females  of  both  species 
were  picked  out  and  placed  in  125  mm  diameter  crystalising 
dishes.  Two  dishes  of  Mesocyclo  s  leuckarti  and  two  of 
Diaptomus  gracilis  were  set  up.  Each  dish  was  filled 
with  Loch  Lomond  water  and  placed  in  the  dark  in  an 
incubator  at  15°C. 
On  the  following  day,  the  eggs,  which  had  been  main- 
tained  at  4°C  for  two  days  after  release  from  the  gravid 
worms,  were  added  to  each  dish.  The  ratio  of  eggs  to 
copepods  was  considerably  greater  than  1  :1  to  ensure  a 
high  percentage  infection.  After  4h  the  contents  of 
each  dish  were  poured  separately  through  a  210  p  seive 
which  retained  the  copepods  but  not  the  eggs.  The  cope- 
pods  were  then  washed  into  4  clean  180  mm  diameter  cryst- 
alining  dishes  containing  Loch  Lomond  water  and  returned .  dl.  M- 
to  the  15°  C  incubator.  Every  2nd  day  the  water  in  the 
dishes  was  drawn  off  with  a  pasteur  pipette  and  replaced 
with  fresh  loch  water,  a  few  ml  of  hay  infusion  was  added 
and  dead  copepods  removed. 
During  the  next  23  days  copepods  were  examined  for  the 
presence  of  developing  procercoids.  Mesocyclops  leuckarti 
was  mounted  under  a  coverslip  for  examination.  By  moving 
the  coverslip  the  copepod  could  be  held  in  any  desired 
position  so  that  any  procercoids  present  in  the  haemocoel 
could  be  noted.  The  more  delicate  Diaptomus  gracilis  were 
placed  on  a  slide  in  a  drop  of  water  which  was  then  drawn 
away  carefully  with  a  pasteur  pipette  leaving  the  copepod 
held  relatively  firmly  in  a  thin  film  of  water.  The  cope- 
pod  was  then  examined.  The  dimensions  of  the  developing 
procercoide  in  situ  were  measured  with  a  camera  lucida. 
For  detailed  examination  procercoids  were  disected  from 
copepods  in  crayfish  Ringer  and  mounted  individually. 
301  of  the  Mesocyclops  leuckarti  caught  on  the  29th 
of  July  were  not  exposed  to  the  eggs  in  the  laboratory  and 
maintained  under  identical  conditions  to  the  experimental 
copepods.  These  control  copepods  were  examined  for  the 
presence  of  procercoids  on  the  14th  August. 1fß 
RESULTS 
(1)  Identity  of  adult  worm 
As  noted  by  Doby  and  Jarecka  (1914)  the  classification 
of  proteocephalids  with  less  than  one  hundred  testes  is 
based  on  the  number,  relative  size,  absolute  size,  character, 
or  presence  or  absence  of  only  5  major  anatomical  features 
of  the  worm  and  embryo.  The  relevant  data  on  these 
features  of  the  proteocephalid  in  powan  are  presented  in  Table 
I  alongside  those  of  Proteocephalus  fallax  as  described  by 
La  Rue  (1911).  The  two  worms  are  similar  in  that  they  both 
possess  a  functional  5th  sucker  and  a  uterus  with  6-8  lateral 
branches.  The  proteocephalid  in  powan,  however,  has 
considerably  more  testes  than  P.  fallax  and  a  smaller  onco- 
sphere.  The  ratio  of  the  length  of  the  cirrus  pouch 
relative  to  the  width  of  the  proglottid  of  the  powan  proteo- 
cephalid  never  exceeded  the  lower  limit  of  that  in  P.  fallax. 
P.  fallax  is  a  "quite  small  indistinctly  segmented  cestode 
measuring  up  to  100  mm  long";  the  powan  proteocephalid 
however  has  distinct  segmentation  and  the  length  of  25  gravid 
worms  ranged  from  82  mm  to,  '222mm  (mean  141  mm). 
(11)  The  structure  of  the  eSE 
Using  the  terminology  of  Rybicka  (1966)  the  outer E 
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envelope  of  17  powan  proteocephalid  eggs  ranged  from 
115  µm  to  290  µm  with  a  mean  of  183  µm.  The  embryophore 
is  41-46  µm  in  diameter  mean  42  µm  (10  measured). 
The  diameter  of  the  oncosphere  membrane  surrounding 
the  oncosphere  itself  was  not  measured.  The  oncosphere 
had  an  average  diameter  of  27  µm  (10  measured)  with  a 
range  from  24-29  pm.  As  indicated  in.  Figure-.  1  in  many 
eggs,  after  only  a  short  time  in  the  water,  the  oncosphere, 
still  surrounded  by  the  oncospheral  membrane,  came  to  lie 
within  the  outer  envelope,  after  escaping  from  the 
embryophore.  Hook  and  body  movement  of  such  oncospheres 
occurred.  Oncospheres  still  within  the  embryophore 
remained  motionless. 
(111)  Procercoid  development 
Both  Mesocyclops  leuckarti  and  Diaptomus  gracilis 
as  shown  on  Fig.  2  became  infected  and  allowed  procercoid 
development  of  the  povian  proteocephalid.  After  only  30 
minutes  the  haemocoels  of  three  M.  leuckarti  contained 
newly  penetrated  oncospheres.  On  the  basis  of  worm  length 
the  pattern  of  growth  of  procercoids  in  both  copepod 
species  was  similar.  The  scoleces  of  procercoids  develo- 
ping  in  M.  leuckarti,  but  not  in  D.  araeilis,  were 
invaginated  on  the  19th  day  accounting  for  the  shorter 
length  of  the  former  procercoids. Y 
ýfecti.  ve  eEg  of  the  powan  proteocepha  lid, 
shown'  the  oncosprere  (0)  free  of  the  embryo- 
phore  (F)  yet  still  within  the  delicate  oncospheral 
membrane  (OT,  i)  and  the  outer  envelope  (OTC). 
Fieure  3 
Procercoids  (P)  of  the  powan  proteocephalid 
after  19  days  development  at  15°C  in  the  haemocoel 
of  Diaptomus  Lracilts.  The  suckers  (S)  of  one  of 
the  two  procercoids  arc,  apparent.  The  procercoids 
are  ly-i_ný,  in  the  postrerior  re  -ion.  of  the  cephalo- 
th.  orax. lac) 
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After  penetration,  the  larva  remained  oncosphere- 
like  for  two  days  and  then,  as  it  grew,  became  vacuolate 
and  amoeboid  in  appearance,  taking  on  a  more  elongated  than 
spherical  form.  Growth  and  elongation  continued  until 
the  16th  day  when  a  cercomer,  which  contained  no  larval 
hooks,  was  pinched  off  from  the  hind  end.  The  cercomer 
was  still  attached  to  procercoids  found  on  the  16th  day. 
Such  procercoids  also  possessed  calcareous  corpuscles  and 
strong  indications  of  sucker  formation.  By  the  19th  day 
the  cercomers  were  all  loose,  yet  still  active,  in  the 
haemocoel,  and  the  procercoids  possessed  fully  developed 
suckers  (,  fee,  Fig-3).  The  5th  sucker  was  also  apparent 
at  this  stage.  The  scolex  of  procercoids  developing  in 
N.  leuckarti  had  invaginated  by  the  19th  day.  A.  23  day 
old  fully  developed  procercoid  within  and  free  of  the 
haemocoel  of  D.  gracilis  is  shown  on  Figs.  4  and  5. 
The  following  description  of  a  fully  developed  pro- 
cercoid  of  the  powan  proteocephalid  is  based  on  a  procer- 
coid  removed  from  M.  leuckarti  in  which  it  had  been  devel- 
oping  for  20  days  at  20°C.  With  the  scolex  invaginated 
the  worm  measured  372  pm  long  by  122  pm  broad.  The  4 
main  suckers  were  approximately  45  µm  in  diameter  with  an 
internal  diameter  of  approximately  20  µm.  The  outside 
diameter  of  the  5th  sucker  was  22  µm.  The  70  calcareous A  procercoid  of  the  powan  proteocephalid  after 
23  days  develcpment  at  15°C  in  the  haemocoel  of 
i-aptollus  -r?.  ci_lis.  The  suckers  (S)  are  indicated. 
The  procercoid  is  lyinE  in  the  anterior  region  of 
the  copepod  cephalothorax. 
Fi:  ure  5 
The  23  day  old  procercoid,  shown  in  Figure  4, 
dissected  free  of  the  copepod.  The  suckers  (S)  and 
the  calcareous  corpuscles  (CC)  are  apparent. 13. 
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corpuscles  present  on  this  worm  ranged  from  0.49  to  1.2  pm 
in  length.  The  excretory  canals  and  apparently  hap- 
hazardly  distributed  hooks  of  a  procerooid  from  the  haemo- 
coel  of  M.  leuckarti  maintained  for  21  days  at  20°C.  are 
shown  in  Fig.  6. 
Only  11,  of  the  301  control  M.  leuckarti  examined,  were 
infected. The  raid-body  of  a  procercoid  of  the  powan 
proteocephalid  dissected  from  the  haemocoel  of 
i.  Iesocyclops  leuckarti  after  21  days  development 
at  20°C.  The  excretory  canals  (EC),  calcareous 
corpuscles  (CC),  and  the  scattered  oncospheral 
hooks  (OH)  are  indicated. 140 
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DISCUSSION 
The  proteocephalid  infecting  the  powan,  Coregonus 
lavaretus  in  Loch  Lomond  is  very  probably  not  Pr  o- 
cephalus  fallax  as  described  by  La  Rue  (1911),  consid- 
ering  the  major  differences  in  their  anatomy  outlined  in 
Table  1.  The  functional  5th  sucker,  the  6-8  lateral 
uterine  pouches,  together  with  the  fact  that  the  worm 
parasitised  a  coregonid  fish  probably  led  Copland  (1957) 
to  believe  that  the  powan  proteocephalid  was  Proteocephalus 
fallax.  Using  the  information  presented  on  Table  I  along 
with  other  data  the  writer,  using  the  Keys  of  La  Rue  (1911) 
and  Preze  (1965),  has  not  been  able  to  identify  the  powan 
proteocephalid  so  it  may  be  a  new  species.  As  yet,  how- 
ever,  there  is  not  enough  information  to  justify  naming  it. 
Doby  and  Jarecka  (1964)  have  recently  studied  the  morpho- 
logy  of  a  proteocephalid  from  Coregonus  fera  in  Lake  Geneva 
but  have  been  unable  to  ascribe  it  to  any  known  species. 
It  is  clear,  then,  that  the  list  of  proteocephalid  species 
infecting  fish  in  Europe  is  not  yet  complete. 
The  egg  of  the  powan  proteocephalid  conforms  to  the 
usual  proteocephalid  pattern  (Rybicka  1966).  The  escape 
of  the  oncosphere  from  the  confines  of  the  embryophore  has 
been  discussed  elsewhere  and  it  is  again  emphasised  that 
it  is  unlikely  that  the  movement  of  the  oneosphere  within 142 
the  outer  envelope  could  attract  a  copepod  (See  Section  1  ). 
It  is  clear  (Fig.  2)  that  the  two  principal  copepods 
in  the  Loch  Lomond  plan'ton  (Chapman  1966)  can  both  support 
growth  and  development  of  the  procercoids  of  the  powan 
proteocephalid.  The  pattern  of  procercoid  development 
and  the  structure  of  the  fully  formed  procercoids  is 
similar  to  that  of  other  proteocephalids  (Doby  and  Jarecka 
1966,  Fischer  1967,  Freeman  1964,  Jarecka  and  Doby,  1965, 
Wagner  1954,  and  others). 
Although  under  laboratory  conditions  Mesocyclops 
leuckarti  and  Diaptomus  gracilis  prove  hosts  of  equal  merit 
to  the  powan  proteocephalid,  it  is  uncertain  if  this  is 
the  case  in  Loch  Lomond.  In  one  copepod  sample  (see 
Section  5  ).  210/f.  of  56  M.  leuckarti  were  infected  while 
no  infection  was  found  in  300  D.  gracilis.  In  another 
sample  one  fully  developed  procercoid  of  the  powan  proteo- 
cephalid  was  found  in  a  Diaptomus  gracilis, 
This  difference  between  field  and  laboratory  incidence 
may  arise  because  D.  gracilis  were  maintained,  during 
exposure  to  proteocephalid  eggs,  relatively  densely  surr- 
ounded  by  eggs.  Even  under  these  conditions  it  was  ob- 
served  that  eggs  were  not  drawn  in  with  the  feeding 
currents  of  the  copepod,  but  rejected  to  the  side,  although 
on  occasions  they  must  obviously  have  been  ingested.  To 143 
what  extent  egg  ingestion  by  D.  gracilis  occurs  in  the 
field  remains  unknown,  but  as  D.  gracilis  is  microphagus 
it  probably  plays  a  negligible  part  in  the  life-history 
of  the  powan  proteocephalid  in  Loch  Lomond.  A  detailed 
field  study  of  the  biology  of  the  powan  proteocephalid 
in  Loch  Lomond  would  be  necessary  to  prove  this. 144 
SUMMARY 
(1)  Certain  diagnostic  features  of  a  proteocephalid 
infecting  the  powan  (Coregonus  lavaretus)  in  Loch  Lomond 
suggest  that  the  worm  is  not  Proteocephalus  fallax  (La 
Rue  1911)  as  stated  by  Copland  (1957)  but  an  unknown 
species. 
(2)  The  structure  of  the  egg  and  the  development  of  the 
procercoid  of  the  powan  proteocephalid  in  two  species  of 
copepod  Mesocyclops  leuckarti  and  Diaptomus  gracilis  is 
described  and  discussed. 
(3)  The  relative  importance  of  the  two  copepod  hosts  in 
the  ecology  of  the  powan  proteocephalid  is  discussed. 145 
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INTRODUCTION 
Many  parasites  of  fresh  water  fish  living  in 
temperate  climates  show  definite  seasonal  incidence  and 
maturation  cycles.  More  specifically  Connor  (1953), 
Hopkins  (1959),  Grimaldi  (1964)  and  Kennedy  and  Hine 
(1969)  have  described  this  phenomenon  occuring  in  various 
proteocephalid  tapeworms.  Marked  differences  exist 
between  the  cycles  outlined  by  the  various  authors  with'. 
the  result  that  a  set  generalised  pattern  describing  pro- 
teocephalid  incidence  and  maturation  in  fish  of  temperate 
waters  cannot  be  formulated.  To  ameliorate  this  situation 
the  author  decided  to  study  the  variations  in  incidence 
and  development  of  a  species  of  Proteocephalus  known  to 
occur  in  the  Loch  Lomond  powan,  Coregonus  lavaretun  . 
Proteocephalus  fallax  was  reported  by  Copland  (1957) 
to  inhabit  the  intestine  of  powan.  Subsequent  studies 
(see  Section  4)  suggested  that  the  species  of  Proteo- 
cephalus  in  powan  is  not  Proteocephalus  fallax  but  an  as 
yet  unidentified  species.  The  pelagic  copepods,  Meso- 
cyclops  leuckarti  (Claus)  and  Diaptomusracilis  have  been 
shown,  both  in  the  laboratory  and  in  Loch  Lomond,  to  be 
suitable  intermediate  hosts  for  procercold  development  of 
this  species  of  Proteocephalus.  There  is  no  second  inter- 150 
mediate  host,  the  powern  acquiring  the  parasite  by  eating 
infected  copepods.  The  powern  feeds  on  plankton  in  the 
summer,  but  becomes  benthophagous  in  winter  (Slack, 
Gervers,  and  Hamilton  1957).  This  seasonal  host  dietary 
cycle  might  well  be  expected  to  enhance  any  evicting 
temperature  controlled  cycle  of  proteocephalid  incidence 
and  maturation. 15i 
MATERIALS  AND  METHODS 
From  September  1967  until  December  1969  gill  nets 
were  used  to  catch  monthly  samples  of  powan  from  Loch 
Lomond.  The  nets  were  always  laid  near  the  University 
Field  Station  3  miles  south  of  Rowardennan  on  the  east 
side  of  the  loch.  The  nets  were  laid  at  right  angles 
to  the  shoreline  in  deep  water  from  November  until  April 
or  May,  and  in  shallow  water  in  summer  and  early  autumn. 
The  nets  were  lifted  after  3  h. 
Immediately  after  landing,  the  fish  were  taken  to  the 
laboratory,  killed  with  a  blow  to  the  head,  measured  (from 
snout  to  the  base  of  the  tail  fin),  sexed,  and  the  gut 
from  stomach  to  anus  removed.  The  guts  were  placed  singly 
in  covered  petri  dishes  containing  2  ml,  of  Hanks'  and  kept 
at  4°C  in  order  to  inhibit  bacterial  decay.  All  guts  were 
examined  within  24  hours  of  placing  at  4°C.  By  cutting 
the  intestine  transversely  4  times,  5  sections  of  approx- 
imately  equal  length  were  obtained:  the  pyloric  region, 
immediately  posterior  to  the  stomach,  the  anterior  intestine, 
the  mid-intestine,  the  posterior  intestine,  and  the  rectum. 
Each  section,  the  two  most  anterior  of  which  bore  numerous 
pyloric  caecae,  was  slit  longitudinally,  the  muoosa  scanned 
with  a  disecting  microscope  (X25),  and  the  number  and  con- 
dition  of  the  worms  attached  in  each  region  noted.  Every j5f 
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month,  a  random  selection  of  both  plerocercoid  and 
strobilate  worms,  if  present,  was  removed  from  the  mucosa, 
allowed  to  relax  until  dead  in  cold  water,  and  measured. 
Worms  were  classed  as  plerocercoids  (i.  e.  unsegmented  worms), 
strobilate  non-gravid  worms,  and  gravid  worms.  In  mid- 
summer  the  anterior  half  of  the  powan  intestine  was  not  cut 
into  regions  to  avoid  damaging  the  strobilae  of  gravid  worms 
which  stretched  from  the  pyloric  region  to  the  mid-intestine. 
The  point  of  scolex  attachment  was  regarded  as  the 
position  of  the  worm,  no  matter  its  length,  in  the  intestine. 
At  certain  times  of  the  year  newly  acquired  plerocercoids 
were  found  free  in  the  gut  lumen.  Such  unattached  worms 
were  included  in  the  total  worm  population  of  the  region  in 
which  they  were  found. 
The  contents  of  the  stomach  and  intestine  of  each  fish 
was  examined  to  discover  its  diet. 
Plankton  was  collected  at  irregular  intervals  from 
November  1967  till  December  1969  by  towing  a  zooplankton  net 
in  the  pelagic  areas  of  the  loch  near  where  the  fish  were 
caught.  The  copepods  Mesocyclops  leuckarti  and  Diaptomus 
gracilis  were  examined  for  procercoids. 15 
RESULTS 
Details  of  the  numbers 
cephalus  and  of  the  numbers 
found  throughout  the  period 
are  shown  in  Table  I. 
(1)  Incidence  and  mean 
As  shown  in  Fig.  (1 
of  powan  infected  with  Proteo- 
and  condition  of  the  worms 
September  1967  to  December  1969 
worm  burden 
the  incidence  of  infection 
was  very  high,  virtually  100%  in  summer,  fell  during  autumn 
and  early  winter  and  reached  its  lowest  level  of  60%  in 
January  both  years.  The  incidence  increased  throughout 
late  winter  and  spring  to  reach  100%  by  early  summer. 
The  mean  worm  burden  (the  average  number  of  worms  per 
infected  fish)  reached  extremely  high  levels  in  late  summer 
each  year  (Fig.  2).  During  autumn  and  early  winter  the 
mean  worm  burden  fell  and  then  rose  slightly  in  late  winter, 
spring  and  early  summer.  In  mid-summer  each  year  the  burden 
fell  temporarily  before  rising  to  the  high  levels  of  late 
summer.  During  this  latter  period  the  occasional  fish  with 
over  1,000  worms  was  encountered.  Since  the  unusually  high 
burden  in  January  1969  was  due  to  the  presence  of  two  very 
heavily  infected  fish  in  the  sample  of  20,  a  more  realistic 
figure  for  the  January  1969  mean  worm  burden  excluding  these 
two  fish  has  been  shown  in  Table  I  and  Fig.  (1). 154 
IGil1t  1  .:  +:  üýüý+Ui  VUI'1U6+vM  'il  ü.  4-  Of  tlroLeocepoalus  sp. 
in  the  L.  Lomond  Powan  Coregonus  lovaretus 
Month  No.  of  Mean  Condition  of  worms 
and  No.  of  Powan  Infection  worms  worm  plerocercoid  strobilate 
year  exar  d  Infected  °/o  found  burden  unripe  gravid 
1967 
Sept  77  100  3278  468  3167  II  0 
Oct  19  16  84  1316  82  1311  4 
Nov  29  22  76  1569  71  1569  0  0 
Dec  25  21  84  447  21  438  9  0 
1968 
Jan  20  12  60  304  25  304  0  0 
Feb  26  19  73  456  24  454  2  0 
Mar  No  sample  taken 
Apr  19  16  84  184  12  182  2  0 
May  19  17  89  436  26  406  0  30 
June  14  14  100  798  57  S44  251  3 
July  12  12  100  352  29  33  146  1734` 
Aug  10  8  80  3173  397  2927  243  3 
Sept  12  12  100  6134  511  6082  49  3 
Oct  13  13  100  2072  159  2072  0  0 
Nov  No  sample  taken 
Dec  18  14  77  189  14  189  0  0 
1969 
Jan  20  12  60  763(148)  64(15)  763  0  0 
Feb  20  14  70  117  8  117  0  0 
Mar  19  18  94  181  10  181  0  0 
Apr  99  100  238  26  238  0  0 
May  17  17  100  577  34  577  0  0 
June  12  12  100  227  19  4  195  28 
July  11  11  100  330'  304  211  87  324 
Aug  12  12  100  2569w  214»  2434  116  l9''ß 
Sept  22  100  659  329  657  2  0 
Oct  No  sample  taken 
Nov  No  sample  taken 
Dec  15  12  80  212  18  212  0  0 
Approximately  due  to  difficulty  in  counting  number  of  scoliccs  of  gravid  worms  in  heavy  infections 
N.  B.  The  total  worm  count  and  the  mean  worm  burden  for  January  1969  excluding  the  two 
heavily  infected  fish  are  shown  in  parenthesis 155 
Fig  I  The  incidence  of  infection  of  Proteocepholus  sp.  In  Coregonus  lavaretus  In  L.  Lomond 
from  September  1967  to  Dec  1969 
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Fig  2  The  mean  worm  burden  of  Proteocephalus  sp.  in  the  Powan  Coregonus  lavaretus 
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As  shown  in.  Li'ig  (3)  the  worm  burden  of  the  risk 
sample  (the  product  of  the  incidence  and  mean  worm 
bura.  en)  reached  its  highest  level  in  late  summer,  fell  in 
autumn  and  early  winter,  and  then  rose  in  late  winter, 
spring  and  early  surr  er.  Tne  worm  burden  of  -i.  he  risk 
sample  fell  slightly  in.  July  1968  and  June  1969 
before  rising  in  late  summer.  2ne  point  of  calculating 
the  worm  burden  of  the  fish  samples  is  explainea  in 
Section  2. 158 
Fig  3  The  worm  burden  of  the  samples  of  Core  gong  lavaretus  caught  in  loch  Lomond 
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(2)  Development 
As  is  clear  from  Fig  (4)  for  most  of  the  ;  Tear  Proteo- 
cepnalus  occurs  as  a  plerocercoid,  strobilaze  non-gravid 
and  gravid  worms  occur  mainly  in  the  summer.  Uravid  worms 
were  most  abundant  in  Jul,  1968  and  June  1969.  The 
gravid  worms  noted  in  May  1968  were  confined  to  1  of  17 
fish  and  contained  only  partially  developed  eggs.  In  July 
and  August  each  year  sections  of  gravid  worms  and  almost 
complete  worms  were  frequently  found  loose  in  the  intestine. 
(3)  Worm  Size 
Plerocercoids  were  most  commonly  about  1  mm  in  lei  th 
ranging  from  0.36  mm  to  11  mm,  while  strobilate  worms 
ranged  from  10-20C  nun.  Very  small  pleroc  ercoids  only  0.6  mm 
or  less  were  common  in  September  and  Gc-tober  1967,  August 
and  September  19b8,  and  July  and  August  1969.  Similar 
small  worms  were  also  encountered  in  April  and  May  1966 
and  1,  riay  1969.  During  the  months  b,  ebruary  to  may  1gbbp  and. 
March  to  kay  1969  larger  plerocercoias  ranging  from  2  mm 
to  6  iron  were  often  noted.  Of  the  strobilat©  worms,  most 
non-gravid  worms  were  less  than  60  mm,  while  gravia  worms 
normally  measured  between  100  and.  ibO  mm.  It  should  be 
stressed  that  the  above  details  of  worm  leaCbho  are  uaseci 
on  measurements  taken  of  a  small  number  of  worm  randomly 
selected  rrom  each  sample. 160E 
goo 
so 
E 
a  60 
° 
0  0 
40 
20 
0 
100 
80 
E 
60 
I 
40 
20 
0 
Fig  4.  The  development  of  Proteocephdus  sp.  In  Coregonus  lovaretus  In  L.  Lomond 
For  each  month  the  percentage  of  plcrocercoids  (clear)  strobilate  non-gravid  worms  (crosshatched) 
and  gravid  worms  (black)  is  shown 
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(4)  Worm  location  in  the  host  intestine 
The  percentage  of  all  worms  found  each  month  in  the 
anterior  and  pyloric  gut  regions  combined  and  the 
posterior  and  rectal  regions  combined  are  shown  in  Fig.  (5). 
Throughout  the  late  summer,  autumn,  winter  and  early  spring, 
the  worm  population  was  concentrated  in  the  posterior  gut 
regions.  In  April/  of  both  years,  however,  the  percent- 
age  attached  anteriorly  increased,  and  then  fell  slightly 
before  rising  to  a  peak  in  July  1968  and  June  19691.  By 
August  of  each  year,  however,  t  he  majority  of  worms  were 
again  found  in  the  posterior  gut  regions.  Relatively 
few  worms,  frequently  less  than  10f,  were  recorded  at  any 
time  of  the  year  from  the  mid-intestinal  region. 
Strobilate  non-gravid  and  gravid  worms  made  up  the 
bulk  of  the  worm  population  attached  anteriorly.  Strobilate 
worms  had  their  scolices  firmly  attached  within  pyloric 
caeca.  No  more  than  one  worm  per  caecum  was  ever  noted. 
Since  no  or  very  few  strobilate  worms  occurred  in  April  in 
each  year,  it  is  clear  that  the  large  percentage  of  worms 
attached  anteriorly  in  this  month  were  plerocercoids. 
Throughout  autumn,  winter  and  early  spring,  when  most 
worms  were  attached  posteriorly  (Fig.  5),  the  worm  populat- 
ion  was  basically  plerocercoids  (Pig-4). lbw 
Fig5  The  percentage  of  Prate  ocephokis  sp.  attached  in  the  pyloric  and  posterior  regions  (A)and  the 
posterior  and  rectal  regions  combined  (B)  of  the  Intestine  of  the  Powan 
Coregonus  iavaretus  of  Lomond 
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(5)  The  powan  diet 
From  December  1967  to  May  1968,  and  from  December 
1968  to  April  1969,  and  in  December  1969  the  intestines 
of:  ".  most  fish  were  empty  (Table  II). 
Although  benthic  material  was  present  throughout  the 
year  it  was  almost  completely  replaced  in  summer  by 
plankton.  Copepods,  Principally  Mesocyclops  leuckarti 
were  especially  prominent  in  October  and  November  1967, 
August  1968,  and  July  and  August  1969  when  hundreds  of 
copepods  were  found  in  each  intestine. 
(6)  Procercoid  incidence  and  burden  in  copepods 
Of  the  931  Mesocyclops  leuckarti  from  5  plankton 
samples  examined  (Table  III),  128  were  found  infected, 
all  except  one  of  which  contained  only  a  single  procercoid 
of  Proteocephalus.  Identification  was  based  on  the 
presence  of  the  apical  5th  sucker.  The  incidence  was 
much  higher  in  winter  than  summer.  At  the  same  time  as 
M.  leuckarti  were  collected  (Dec.  1969),  300  Diaptomus 
gracilis  were  caught  and  none  was  infected. 164 
Table  2  Seasonal  variations  in  the  diet  of  the  L.  Lomond  Powan  (C.  lavaretus) 
Y 
E 
A 
R 
M 
0 
N 
T 
H 
NO.  OF 
with 
total  empty 
no.  nuts 
FISH 
with 
ben- 
thos 
with 
copc- 
pods 
I  Sept  7  ?  ?  ? 
9  Oct  19  4  7  5 
6  Nov  29  19  10  4 
7  Dec  25  21  2  1 
Jan  20  15  5  0 
Feb  26  25  0 
Mar  -  -  -  - 
9  Apr  19  16  1  3 
6  May  19  17  0  0 
8  June  14  6  0  1 
July  12  4  0  1 
Aug  10  0  1  4 
Y  M  NO.  OF  FISH 
E  N  with  with  with 
A  T  total  empty  ben-  cope- 
R  H  no,  nuts  thos  pods 
I  Sept  12  0  0  2 
9  Oct  13  I  1 
6  Nov  -  -  -  - 
8  Dec  14  II  I  0 
Jon  12  6  3  1 
Feb  14  13  1  0 
1  Mar  18  16  2  0 
9  Apr  9  5  I  2 
6  May  17  2  9  2 
9  June  12  0  0  0 
July  II  0  0  5 
Aug 
Sept  2  0  1 
Oct  -  -  -  - 
Nov  -. 
Dec  15  13  2  0 165 
Table  3  The  incidence  and  worm  burden  of  proteocephaiid  procercoid,; 
In  the  copepod  M  esocyciops  Ieuckarti  In  L.  Lomond 
Year 
and 
month 
19  67 
Nov 
1968 
Dec 
1969 
14  Auc, 
28  Aug 
Dec 
No.  of  copepods 
examined  infected 
130 
100 
301 
344 
56 
29 
Procercold  burden 
Infected  of  infected  copepods 
%  single  double 
22.3  26  1 
66  66.0  66  0 
11  3.6  110 
10  2.9  10  0 
12  21.4  12  .0 
( 
x 
Collected  29th  July  1969. 11)  t, 
DISCUS  SI  Ciy 
(a)  Seasonal  incidence  anb  maturation 
Strobilate  non-gravid  aril  gravid  worms  were  found 
in  powan  auring  he  summer,  but  from  September  until 
April  or  iiay  of  each  year,  virtually  only  plerocercoids 
were  present.  'Thus,  like 
ýP. 
filicollis  in  Gasterost  eus 
aculeatus  (hopkins  1959),  P.  stizostethi  in  Stizostedion 
vitreum  vitreum  (Connor  1953),  aria.  i-,.  -Gorulostu  in 
Leuciscus  leuciscus  (Kenneay  and  nine  19b9),  and  other 
fresh  water  fish  tapeworms  in  temperate  climates,  the 
species  of  Proteocephalus  in  powan  matures  seasonally 
resulting  in  a  markedly  seasonal  cycle  of  incidence  and 
maturation. 
Strobilate  worms  in  suni¢ner  were,  thr  ou,  ýan  rraWnentation, 
virtually  absent  by  autumn  being  replaced  by  vast  numbers 
of  young  plerocercoids  taken  in  during  late  summer  and  early 
autumn.  This  new  plerocercoid  population  decreased  in 
early  winter  (Table  I.  Figs.  2&  3).  The  worms  underwent 
little  development  during  the  winter.  Renewed  plerocer- 
coid  recruitment  in  late  winter,  spring  and  early  summer 
seemed  likely  considering  the  increasing  worm  burden  of  the 
fish  sample  (Fig.  3).  Although  a  little  plerocercoid 
growth  occurred  in  late  winter  and  early  spring,  the  main 
growth  period  was  early  summer  with  the  developmuit  of  long 1bY 
strobilate  worms. 
(b)  The  adult  worm 
The  scolex  of  strobilate  worms  in  powan,  was,  like 
that  of  P.  pollanicola  in  the  pollan  (Coregonus  pollan) 
of  Loch  Neagh,  as  noted  by  Gresson  &  Corbett  (1954), 
invariably  firmly  attached-within  a  pyloric  caecum.  As 
no  more  than  one  worm  per  caecum  was  ever  found  it  seems 
likely  that  the  presence  of  a  worm  prevents  the  attachment 
of  another  within  the  same  caecum.  In  mid-summer  the 
anterior  regions  of  the  gut  of  infected  fish  was  swollen 
by  the  strobilae  but  by  September  most  strobilate  worms  had 
gone. 
Kennedy  (1969)  and  Kennedy  &  Hine  (1969)  argued  that 
loss  of  adult  Caryophyllaeus  laticep&  and  Proteocephalus 
torulosus  from  dace  (Zeuciscus  leuciecus)  in  the  River 
Avon  was  due  to  a  temperature  dependent  immune  response 
against  the  worms,  resulting  in  worm  rejection  in  summer 
and  immunity  from  reinfection  until  the  return  of  low  water 
temperatures  in  December.  The  loss  of  adult  worms  from 
powan,  however,  was  closely  followed,  as  in  1968,  or 
accompanied  by,  as  in  1969,  reinfection  with  plerocercoids, 
thus  rendering  any  suggestion  of  an  immune  rejection  of 
adult  Proteocephalus  by  powan  untenable.  The  three-spined IDO 
stickleback  (Gasterosteus  aculeatus),  according  to  Hopkins 
(1959)  showed  no  indication  of  developing  immunity  against 
Proteocephalus  filicollis. 
(c)  Worm  location  in  the  fish  intestine 
During  the  main  infection  period  of  late  summer  and 
autumn  most  plerocercoids  became  established  in  the  post- 
erior  of  the  powan  intestine  (Pig-5). 
The  concentration  of  plerocercoids  in  the  powan  rectum 
and  posterior  intestine  in  winter,  suggests  that  these 
regions  are  more  favorable  for  worm  survival  than  are  more 
anterior  regions.  The  mucosa  of  the  posterior  intestine 
and  rectum  is  ridged  and  generously  supplied  with  villi 
among  which  most  plerocercoids  are  found  in  winter.  Thus 
the  micromorphology  of  the  hind  intestine  may  make  it  more 
suitable  for  worm  attachment  and  maintenance  than  do  the 
anterior  regions.  The  fact  that  strobilate  worms  attach 
themselves  within  the  caeca  and  not  to  the  smooth  mucosa, 
suggests  that  the  general  mucosal  surface  in  the  nnterior 
intestinal  regions  is  unsuitable  for  permanent  worm 
establishment. 
Some  evidence  of  anterior  migration  of  plerocercoido 
to  the  anterior  and  pylonie  regions  of  the  intestine  was 
noted  in  April  and  May  of  each  year.  A  similar  migration 113  u 
pattern  occurred  in  P.  filicollis  in  G.  aculeatus,  plero- 
cercoidc  being  restricted  to  the  rectum,  while  otrobilate 
wormy  were  attached  just  posterior  to  the  stomach  (Hopkins 
1959).  This  phenomenon  of  helminth  migration  in  fish 
intestine  has  also  been  noted  by  Chubb,  Awachie,  and 
Kennedy  (1964)  in  acanthocephalon  infections  in  brown 
trout. 
Plerocercoido,  especially  in  April  and  May,  have  been 
found  attached  within  pyloric  caeca,  while  strobilate  worms 
have  never  been  found  attached  anywhere  but  in  caeca.  It 
is  possible  that  scolex  attachment  within  a  caecum  by  a 
SrowinC  plerocercoid  is  a  prerequisite  for  the  onset  of 
strobilation. 
(d)  Plerocercoid  loss  from  the  fish  intestine 
Overall  plerocercoid  loss  from  the  powan  intestine 
was  indicated  by  the  decreasing  incidence,  mean  worm 
burdens,  and  worm  burden  df  the  fish  sample  in  autumn  and 
early  winter  (Table  I,  Figs.  (1),  (2)  &  (3)].  Loss  of 
immature  worms  from  fish  has  been  noted  by  other  authors 
among  whom  Hopkins  (1959)  estimated  that  less  than  1%o  of 
established  P.  filicollis  plerocercoids  survive  to  become 
gravid.  Chubb,  Awachie,  and  Kennedy  (1964)  and  Hopkins 
(1959)  have  stressed  that  variations  in  incidence  of  a 
particular  gut  helminth  in  fish  results  from  continual 1(V 
variation  in  the  relative  rates  of  worm  recýy?  _ý 
tri  , 
loss.  In  autumn  and  winter  worn.  loss  from  -rowan  greatly 
exceeds  recruitment,  the  worm  burden  in  the  fish  sample 
falling,  while  in  late  spring,  the  balance  swings  the 
opposite  wady  leading  to  an  increased  worm  burden  in  the 
fish  sample.  he  worry  burdens  in  powan  in  the  summier 
months  are  very  low  compared  to  those  of  late  surr  er  of 
the  previous  year  indicating  that,  even  excluding  the  net 
worm  fain  in  late  spring,  the  percentage  worm  survival  to 
adulthood  is  very  low.  The  gain  of  plerocercoids  in  late 
spring  however  ensures  that  sufficient  worms  were  present 
to  develop  iuto  e  , -g  producing  adults  in  summer  and.  so 
continue  ire  cycle. 
(e)  '11he  copepod  post 
The  probable  presence  of  many  Proteoc  ephalus  eggs  in 
the  surface  layers  of  Loch  Lomond  in  August  and  Sopternbor 
is  probaoly  responsible  for  the  increased  inciaence  levels 
of  procercoias  iii  copepods  in  iiovember  and  December,  as 
comparea  with  August  (Table  III).  Chapman  (19b6)  nao  showkl 
trat  Mesocyclops  leuckarti  present  in  Loon  Lomond  in  ;;  ovember 
and  llecember,  overwinter,  some  copepods  becoming  dormant 
in  the  bottom  mud,  while  a  few  remain  in  the  plankton. 
The  dormant  copepods  are  believed  to  return  to  the  plankton 171 
in  April.  The  late  winter  and  spring  plerocercoid 
recruitment  can  be  explained  by  the  probable  ability  of 
procercoids  to  overwinter  Pn  copepods.  Thus  the  powan 
Proteocephalus  in  Loch  Lomond  probably  overwinters  both 
in  the  fish  and  the  copepod  host.  Pecorini  (1959)  noted 
extremely  low  incidence  of  Proteocephalus  app.  in  Cyclops 
strenuus  in  Lake  Maggiore  throughout  the  winter.  Higher 
incidence  levels  were  found  in  summer,  when  as  reported 
by  Grimaldi  (1964)  adult  Proteocephalus  sp.  were  present 
in  various  whitefish  (Coregonus  app.  ).  Thus  the  ability 
of  other  species  of  Proteocephalus  to  overwinter  as  pro- 
cercoids  seems  likely. 
(f)  Proteocephalus  and  the  powan  diet 
The  peak  months  of  copepod  ingestion  by  powan,  as 
noted  by  Slack,  Gervers  and  Hamilton  (1957),  were  July, 
August  and  September,  the  same  months  in  which  it  was 
found  in  this  survey  that  powran  intestines  were  full  of 
copepods.  Thus  powan  feed  intensively  on  copepods  during 
and  after  release  of  proteocephalid  eggs  into  the  water, 
resulting  in  extremely  high  worm  burdens  being  recorded 
in  powan  in  August  and  September. 174 
SUMMARY 
(1)  The  incidence  and  development  of  a  species  of 
Proteocephalus  in  the  powan,  Coregonus  lavaretus,  of  Loch 
Lomond  was  studied  over  a2  year  period. 
(2)  An  4ua3. 
cycle  of  incidence  and  maturation  was 
noted  with  gravid  worms  occuring  in  summer,  and  plerocer- 
coids  inhabiting  the  fish  intestine  throughout  the  rest 
of  the  year. 
(3)  No  evidence  of  an  immune  rejection  of  adult  worms 
in  summer  was  noted,  the  loss  of  adults  being  followed 
immediately  by  the  new  generation  of  plerocercoids. 
(4)  Plerocercoids  overwinter  baoically  in  the  hind 
regions  of  the  intestine,  while  strobilate  worms  in  summer 
are  found  anteriorly  attached.  An  anterior  migration  of 
plerocercoids  in  spring  is  suspected. 
(5)  The  increasing  worm  population  in  late  winter, 
spring  and  early  summer,  before  the  development  of  gravid 
worms  in  summer,  suggests,  along  with  other  evidence,  that 
procercoids  overwinter  in  overwintering  copepods. I  'l  i 
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INTRODUCTION 
During  a  study  of  the  life  histories  of  two  proteo- 
cephalid  fish  tapeworms  (see  Sections  1&  4),  a  number  of 
instances  were  recorded  in  which  procercoids  failed  to 
develop  in  laboratory  infected  copepods  after  an  apparently 
normal  gut  penetration  by  the  oncospheres.  Zack  of 
development  and  subsequent  death  of  procercoids  in  the 
haemocoel  of  unsuitable  copepod  hosts  has  been  noted  by 
other  authors.  Guttowa  (1961)  has  recorded  death  of  young 
procercoids  of  the  pseudophyllidean  Diphyllobothrium  latum 
in  Cyclops  strenuus  strenuus  and  C.  insignia.  Freeman  (1967) 
reported  'overcome'  procercoids  of  Proteocephalus  parallaeticus 
in  the  haemocoel  of  Cyclops  bicuspidatus  and  C.  vernalis. 
Cysticercoid  development  of  the  cyclophyllidean  Drepanidotaenia 
lanceolata  is  completely  inhibited  in  the  haemocoel  of 
'accidental'  copepod  hosts  (Kisielewska,  1959).  The  discovery 
of  inhibited  proteocephalid  procercoid  development  in  certain 
experimental  copepod  hosts  stimulated  the  present  investigation. 
Infective  proteocephalid  eggs  come  into  contact  with 
copepods  when  gravid  worms  are  lost  from  the  definitive  fish 
host.  Normal  procercoid  development  will  result  if  a  suitable 
species  of  copepod  ingests  the  egg.  In  an  unsuitable  copepod, 
however,  abnormal  development  will  occur.  In  the  former  case 
all  the  conditions  necessary  for  normal  development  have  been 178 
satisfied,  while  in  the  latter  case  at  least  one  condition 
has  not.  Thus  a  study  of  the  latter  system  may  not  only 
shed  light  on  the  onset  and  causes  of  inhibited  procercoid 
development,  but  also  on  the  conditions  which  determine  host 
specificity  in  procercoid/copepod  systems. 179 
MATERIALS  and  METHODS 
A  zooplankton  net  was  used  to  collect  copepods  from 
various  sites.  The  net  was  towed  behind  a  boat  in  Loch 
Lomond,  while  at  various  ponds  and  canals  the  net  was 
hauled  slowly  through  shallow  areas.  In  all,  five  species 
of  copepod  were  collected. 
Copepods  were  generally  maintained  in  their  water  of 
origin  since  this  proved  most  suitable  for  prolonged 
survival. 
Proteocephalid  eggs  were  obtained  from  gravid  worms. 
Three-spired  sticklebacks,  Gasterosteus  aculeatus,  in  a 
canal  and  pond  in  Glasgow  harboured  a  few  gravid  specimens 
of  Proteocephalus  filicollis  in  their  intestines  all  year 
round.  Gravid  individuals  of  another  species  of  Proteo- 
cephalus  of  as  yet  uncertain  identity  (see  Section  4) 
were  found  during  the  summer  in  the  intestine  of  the  Loch 
Lomond  powan  Coregonus  lavaretus.  On  transference  of  the 
worms  from  the  fish  intestine  to  fresh  water,  hundreds  of 
infective  eggs  were  released  from  each  gravid  proglottid. 
To  ensure  high  incidence.  levels  in  laboratory  infections 
30  -  300  copepods  were  exposed  to  a  considerably  greater 
number  of  eggs  taken  from  a  pool  derived  from  many  worms. 
Exposure  of  copepods  to  infective  eggs  was  carried  out  in 18U 
10  cm  diameter  cystallising  dishes  filled  to  a  depth  of 
1.5  cm  with  water.  After  two  or  three  hours  any  remaining 
uneaten  eggs  were  removed  by  passing  the  contents  of  the 
dish  through  a  2l0µ  mesh  sieve  (Endecotts,  London)  which 
retains  the  copepods  but  not  the  eggs.  The  copepods  were 
then  washed  with  water  collected  from  their  site  of  origin 
into  clean  cystallising  dishes  and  laid  aside  to  await 
examination.  As  a  rule,  in  order  to  eliminate  any  effect 
of  sex  or  age  of  host  on  procercoid  development,  only  adult 
female  copepods  were  used  in  this  series  of  experiments. 
Individual  copepods  were  mounted  under  a  No.  2  cover- 
slip  for  microscopic  examination.  By  moving  the  coverslip 
the  copepod  could  be  rolled  into  any  desired  position  so 
that  the  number  and  condition  of  worms  present  could  be 
noted.  Measurements  of  procercoids  in  situ  were  made  with 
the  aid  of  a  camera  lucida.  To  avoid  examining  the  same 
copepod  twice,  all  copepods  examined  were  discarded. 
The  copepods  used  were  Eucyclops  serrulatus  (Sara), 
E.  serrulatus  speratus  (Zilljeborg),  Cyclops.  albidus  (Jurine), 
Mesocyclops  leuckarti  (Claus),  and  Diaptomus  gracilis. 
Copepod  identification  was  based  on  the  key  of  Harding  and 
Smith  (1960),  and  verified,  in  the  case  of  E.  serrulatus 
aper  atus,  by  Mr  Harris  of  the  British  Museum. 18  i 
]RESULTS 
The  fate  of  powan  proteocephalid  procercoids  in 
E.  serrulatus  s.  o. 
Normal  development  of  the  powan  proteocephalid  procercoid 
occurs  in  M.  leuckarti  and  D.  gracilis.  The  former  copepod, 
since  it  is  more  easily  maintained  in  the  laboratory,  was 
used  as  a  control  in  the  two  experiments.  In  both 
experiments,  carried  out  in  successive  years,  eggs  fresh 
from  gravid  worms  were  added  to  two  crystallising  dishes  one 
of  which  contained  the  controls,  M.  leuckarti,  collected  from 
Loch  Lomond,  while  the  other  contained  E.  serrulatus  s.  s.  from 
the  Forth  and  Clyde  Canal.  The  eggs  were  never  removed  from 
the  control  copepods  in  Expt.  1. 
The  results  (Table  I)  show  that  growth  of  the  powan 
proteocephalid  procercoids  in  the  haemocoel  of  E.  serrulatus  S.  O. 
is  very  poor  compared  with  growth  in  the  control  host.  After 
8  days  at  15°C  procercoids  in  M.  leuckarti  were  7-8  times 
the  area  of  their  still  oncosphere-like  counterparts  in 
E.  serrulatus  ss.  (Expt.  2).  Initial  incidence  levels  were 
high  in  both  species  of  copepods.  During  the  course  of  each 
experiment,  however,  the  incidence  in  E.  serrulatus  s6,  fell 
to  a  low  level  suggesting  loss  of  the  infection.  This 
suggestion  is  supported  by  the  occurrence  of  dead  procercoids 
in  the  haemocoel  of  E.  serrulatus  as,  Dead  larvae  were N 
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recognised  either  as  shrunken,  immobile,  darkened  larvae  with 
splayed  out  oncospheral  hooks,  or  as  mere  bundles  of  hooks 
devoid  of  any  tissue  remains  of  the  procercoid.  Dead 
procercoids  were  observed  after  5  days  in  Expt.  1,  but  not 
until  the  8th  day  in  Expt.  2.  Dead  procercoids  were  never 
found  in  M.  leuckarti;  all  the  worms  grew  and  developed 
normally.  The  continuous  presence  of  eggs  with  the  control 
M.  leuckarti  in  Expt.  1  probably  explains  the  increasing 
incidence  of  infection  (i.  e.  the  number  of  procercoids  per 
infected  copepod)  which  in  turn  might  be  responsible  for  the 
relatively  low  mean  size  of  worm  in  the  controls  at  20°C 
compared  with  those  at  15°C  in  Expt.  2. 
The  fate  of  procercoids  of  the  powan  proteocephalid 
in  the  haemocoel  of  Cyclops  albidus 
Samples  ofyclops  albidus  were  collected  periodically 
from  Craigton  Loch,  eight  miles  North-West  of  Glasgow.  As 
in  the  previous  two  experiments,  M.  leuckarti  was  used  as  a 
control.  Exposure  to  eggs  was  carried  out  as  previously. 
The  copepods  were  kept  at  2000.  The  experiment  was  carried 
out  twice  and  the  results  are  presented  in  Table  II. 
The  striking  features  of  these  results  are  the  low 
incidence  recorded  for  C.  albidus  and  the  high  numbers  of 
dead  larvae  (12  out  of  14  in  Expt.  3;  2  out  of  6  in  Expt.  4) tn 
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found  within  24  h  in  the  haemocoel  of  those  infected. 
Dead  larvae  were  never  observed  in  the  haemocoel  of  M. 
leuckarti,  in  which,  after  3  days  in  Expt.  4,  the  worms 
were  growing. 
The  procercoids  which  did  survive  in  C.  albidus  for 
three  days  showed  no  growth.  Dead  larvae  appeared 
shrunken  with  splayed  out  hooks,  or  were  often  recognised 
by  a  bundle  of  disorganised  hooks.  No  physical  sign  of 
a  host  response  was  noted. 
The  fate  of  Proteocephalus  filicollis  procercoids 
in  the  haemocoel  of  Cyclops  albidus 
Eucyclops  serrulatus 
ý3. 
has  been  shown  (see  Section 
1)  to  be  a  suitable  intermediate  host  of  P.  filicollis, 
therefore  this  copepod  was  used  as  a  control  in  the 
following  two  experiments.  E.  serrulatus 
0. 
were 
collected  from  the  Forth  and  Clyde  Canal  and  C.  albidus 
from  Craigton  Loch.  After  exposure  to  the  eggs  the  cope- 
pods  in  both  experiments  were  kept  at  20°C. 
Procercoids  in  E.  serrulatus  ss.  appeared  normal,  and 
no  dead  procercoids  were  noted.  In  C.  albidus,  however, 
as  shown  in  Table  III,  larvae  of  P.  filicollis  died  a  short 
time  after  penetrating  the  gut.  In  Expt.  6,  after  a  total 
of  27  h,  11  of  the  16  procercoids  found  were  dead.  In  both 
experiments  death  was  very  rapid,  in  some  copepods  within O 
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10  h  of  penetrating. 
Six  of  the  11  dead  procercoids  found  in  Expt.  6  were 
enclosed  in  a  sheath,  and  of  the  5  live  larvae  observed, 
2  were  trapped  in  a  matrix  of  filaments.  One  larva  was 
observed  for  a  considerable  period  of  time  and  during 
this  period  it  escaped  from  its  entanglements  only  to  be 
trapped  again  a  few  minutes  later. 
The  fate  of  P.  filicollis  procercoids  in  the  haemo- 
co  el  of  Eucyclops  serrulatus  speratus 
Eucyclops  serrulatus  speratus  is,  on  the  basis  of 
the  length/breadth  ratio  of  the  furcal  ramus,  morpho- 
logically  distinct  from  E.  serrulatus  s.  s.  On  discovery 
of  this  copepod  in  a  region  of  the  Forth  and  Clyde  Canal 
at  Clydebank  it  was  decided  to  test  its  suitabiliby  as  a 
host  for  the  procercoid  of  P.  filicollis,  using  E.  serru- 
latus  s.  s.  as  a  control.  The  incidence,  as  shown  in 
Table  IV,  was  high  initially  in  both  E.  serrulatus  s.  s. 
and  E.  serrulatus  speratus,  but  fell  off  gradually  in 
E.  serrulatus  speratus  until  by  day  7  only  1  of  the  16 
examined  was  infected.  As  only  two  dead  larvae  were 
observed  in  E.  serrulatus  speratus  during  the  experiment 
it  is  impossible  to  conclude  that  the  fall  off  in  incidence E  co 
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was  due  to  procercoid  death.  The  few  larvae  which 
remained  in  E.  serrulatus  speratus  grew  as  well  as,  if  not 
better  than,  the  control  infections.  Thus  the  fate  of 
P.  filicollis  larvae  in  the  haemocoel  of  E.  serrulatus 
speratus  is  enigmatic.  On  the  one  hand  dead  larvae  were 
found  and  the  incicence  dropped,  while  on  the  other  hand 
the  surviving  larvae  grew  well.  To  try  to  solve  the 
problem  the  experiment  was  redesigned. 
Control  and  experimental  copepods  were  maintained  at 
0 
15  C  prior  to  infection.  After  three  hours  exposure  to 
0 
eggs  at  15  C,  the  controls  (E.  serrulatus  e.  g.  )  and 
experimental  copepods  (E.  serrulatus  speratus)  were  divided 
equally  into  two  sets  of  control  and  experimental  copepods. 
0 
One  set  of  each  were  maint.  ined  at  19  C  while  the  other  set 
0 
were  maintained  at  11  0  in  Expt.  8,  while  in  the  repeat 
experiment,  Expt.  9,  done  a  year  later,  the  copepods,  both 
00 
controls  and  experimentale,  were  kept  at  19  C  and  8.5  C. 
Copepods  were  periodically  examined  to  judge  the  progress 
of  the  infection.  The  results  of  Expts.  8  and  9  are  shown 
in  Tables  Vand  VI  respectively.  Incidence  levels  remained 
relatively  steady  and  no  procercoid  deaths  were  recorded  in 
E.  serrulatus  s.  s.  at  either  temperature.  However,  a 
gradual  fall  off  in  incidence  was  noted  in  E.  serrulatus 
speratus  at  either  temperature. F. 
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Not  all  P.  filicollis  procercoids  died  in  the  haemo- 
coel  of  E.  serrulatus  speratus.  Those  that  did  survive, 
as  in  Expt.  7,  crew  and  developed  as  well  as  the  controls. 
Generally  speaking  healthy  growing  procercoids  were  found 
in  multiple  infections  of  a  few  copepods.  However  6  out 
of  the  28  dead  oncospheres  found  in  the  two  experiments 
occurred  in  copepods  which  harboured  a  number  of  develop- 
ing  procercoids. 
The  onset  of  death  of  P.  filicollis  larvae  in  the 
haemocoel  of  E.  serrulatus  speratus 
In  Expt.  7,87  live  procercoids  were  observed  in  the 
haemocoel  of  E.  serrulatus  speratus.  25  procercoids  were 
trapped  by  similar  sheaths  to  those  found  enclosing  P. 
filicollis  larvae  in  C.  albidus.  Some  procercoids  were 
held  tightly  against  the  dorsal  wall  of  the  thorax,  while 
others  were  trapped  in  tissue  on  the  outside  of  the  cope- 
pod  gut.  The  majority  of  trapped  larvae  were  located  in 
the  posterior  section  of  the  cephalothorax.  The  two  dead 
larvae  in  this  experiment  were  devoid  of  enclosing  sheaths. 
Of  the  164  live  procercoids  of  P.  filicollis  in  E. 
serrulatus  speratus  in  the  latter  two  experiments,  thirty 
seven  were  invested  with  a  sheath.  11  of  the  28  dead 
procercoids  also  possessed  sheaths,  the  remainder  being  free 19  i) 
and  shrunken  with  splayed  out  hooks. 
No  procercoid,  alive  or  dead,  >44  µm.  long,  was 
observed  enclosed  in  a  sheath.  All  larvae,  >44  µm.  long, 
were  developing  as  well  as  the  controls.  One  dead  procer- 
coid,  19  gm.  in  diameter,  was  enclosed  in  a  sheath  85  µm. 
long  by  49  µm:  broad. 
DISCUSSION 
Either  one  of  at  least  two  possible  fates  await  a 
proteocephalid  oncosphere  penetrating  through  the  gut  to  the 
haemocoel  of  an  unsuitable  copepod  host.  Procercoids  of  the 
powan  proteocephalid  grew  little  if  at  all  and  subsequently 
died  in  the  copepods  E.  serrulatus  s.  s.  and  C.  albidus. 
Procercoids  of  P.  filicollis  also  died  in  the  copepods  C. 
albidus  and  E.  serrulatus  speratus  but  there  is  good  evidence 
in  these  cases  that  death  is  accompanied  and  assisted  by  the 
formation  of  an  apparently  temporary  sheath  around  the 
invading  larva. 
Procercoid  death  without  sheath  formation  has  been 
encountered  by  other  authors.  Guttowa  (1961)  found  that 
poorly  developed  procercoids  of  the  pseudophylidean 
Diphyllobothrium  latum  became  vacuolated,  developed  vesicles, 
shrank  and  died  leaving  a  bundle  of  hooks  in  the  body  cavities 
of  the  unsuitable  copepods  C.  strenuus  strenuus  and  0.  insi¬;  nis. 1U4 
Likewise  Kisielewska  (1959)  has  shown  the  pattern  of  the 
onset  of  death  to  be  similar  for  cercocysts  of  the  cyclo- 
phyllidean  Drepanidotainia  lanceolata  in  unsuitable  cope- 
pod  hosts.  Neither  author  mentioned  any  intervention  of 
amoebocytes  in  the  process  of  procercoid  death. 
Actual  vesicle  formation  was  not  observed,  although 
the  powan  procercoids  in  0.  albidus  and  E.  serrulatus  did 
appear  pale  and  vacuolated.  It  is  considered  that  the 
onset  of  death  of  the  powan  procercoid  in  these  two  unsuit- 
able  copepods  followed  an  essentially  similar  pattern  to 
that  described  for  D.  latum,  by  Guttowa  (1961),  in  unsuit- 
able  copepods. 
Death  overtook  powan  proteocephalid  procercoids  fairly 
rapidly  in  the  haemocoel  of  0.  albidus,  while  the  same 
larvae  survived  much  longer  and  grew  a  little  before  death 
in  E.  serrulatus  s.  s.  On  this  basis  it  can  reasonably  be 
suggested  that  the  latter  host  is  nearer  to  being  a  suit- 
able  host  for  the  powan  procercoid  than  is  the  former. 
Since  there  was  no  evidence  of  a  cellular  response  by  these 
two  species  of  copepods,  the  factors  determining  the  length 
of  life  of  procercoids  must  lie  in  the  contents  of  the 
haemocoel,  viz.  the  haemolymph. 
At  least  three  hypotheses  can  be  forwarded  to  explain 
the  causes  of  death  of  the  powan  procercoids  in  these 
copepods.  Firstly  the  haemolymph  may  be  lacking  in  some 117  10 
particular  substance  required  for  survival  and  growth  of  ' 
these  procercoids.  This  could  well  explain  the  early  death 
of  the  procercoids  in  C.  albidus.  A  substance  in  short 
supply,  however,  could  allow  survival  for  some  time  and  then, 
when  the  stocks  of  this  substance  were  depleted,  death  of 
the  procercoids  would  naturally  follow.  Such  a  situation 
would  nicely  explain  the  slow  onset  of  death  of  procercoids 
in  E.  serrulatus  s.  s. 
The  second  possibility  is  that  the  haemolymph  is  in 
some  way  toxic  to  the  invading  larvae.  Toxicity  may  take 
the  form  of  unsuitable  osmatic  gradients  between  procercoid 
and  host.  The  pH'of  the  haemolymph  may  even  be  unsuitable 
to  the  development  of  the  larva.  The  presence,  however, 
of  a  substance  actually  toxic  to  the  larva  does  however  seem 
less  likely. 
Thirdly,  however,  a  subtle  inbalance  in  the  close 
delicate  physiological  links  between  host  and.  parasite  might 
exist  in  unsuitable  copepod  hosts. 
Studies  on  the  active  absorption  of  amino  acids  by 
adult  Hymenolepis  diminuta  in  vitro,  led  Hopkins  &  Callow, 
(1965)  to  conclude  that  their  'observations  implied  that  the 
concentration  of  amino  acids  in  the  tapeworm,  and  hence 
ability  to  grow,  is  greatly  affected  by  the  relative  concent- 
rations  of  amino  acids  in  the  environment'.  The  ratio  of 
amino  acids  in  the  haemolymph  of  copepods  varies  from  species lub 
to  species  (Guttowa,  1970).  Although  it  has  not  been 
shown,  it  seems  probable  that  tapeworm  procercoids  will 
absorb  amino  acids  in  a  similar  way  to  adult  tapeworms  and 
that  competitive  inhibition  will  exist  between  animo  acids 
utilising  the  same  "carrier"  system.  Thus  it  may  be  the 
case  that  the  molar  ratios  of  amino  acids  in  the  haemolymph 
of  an  unsuitable  copepod  host  may  lead  to  unsuitable  molar 
ratios  of  amino  acids  in  the  procercoid's-  own  amino  acid  pool 
leading  to  negligible  growth  and  subsequent  death  of  the 
procercoids. 
The  formation  of  a  sheath  of  material,  considered  to  be 
made  up  of  cells,  accompanied  or  assisted  the  death  of  P. 
filicollis  procercoids  in  the  copepods  E.  serrulatus  speratus 
and  Cyclops  albidus.  This  phenomenon  was  not  observed  by 
other  authors  in  connection  with  procercoid  death  in  unsuit- 
able  hosts. 
A  cellular  response,  against  invading  parasites,  has 
however  been  noted  in  other  crustaceans  and  insects.  Hynes 
&  Nicholas/  (1958)  have  shown  that  acanthors  of  Polymorphus 
minutus  become  enclosed  in  a  thin  layer  of  host  cells  after 
penetrating  an  amphipod  species  different  from  that  from 
which  they  were  derived.  This  was  followed  by  melanin 
deposition  in  the  parasite  and  its  death.  With  reference 
to  insects  (Salt,  1963)  categorically  states  "that  the  blood .  La 
cells  of  many  insects  react  to  form  capsules  about  living 
insect  parasites  cannot  now  be  reasonable  denied".  Indeed 
with  especial  reference  to  tapeworm  larvae  in  insect  hosts, 
Chen  (1943)  has  shown  that  cysticercoids  of  Dipylidium 
caninum  in  the  flea  Ctenocephalides  fells  became  surrounded 
by  blood  cells  and  that  completely  encapsulated  cysticercoids 
were  invariably  destroyed.  In  a  brief  survey,  Salt  (1963) 
concludes  that  defence  reaction  to  metazoan  parasites 
observed  in  crustacea  are  essentially  very  similar  to  those 
observed  in  insects. 
From  the  author's  own  observation  of  ensheathed  larvae 
the  conclusion  has  been  reached,  although  definite  evidence 
is  lacking,  that  the  sheaths  around  the  living  and  dead  pro- 
cercoids  are  made  up  of  host  blood  cells  which  have  been 
attracted  towards  the  parasite.  Cuenat  (1895)  has  reported 
a  similar  reaction  towards  injected  foreign  material  and 
helminth  parasites  in  the  decapod  Astacus.  Large  particles 
of  carmine  injected  into  the  haemocoel  of  Astacus  attracted 
amoebocytes  which  became  concentrated  over  the  surfaces  of 
the  particles.  He  also  found  large  numbers  of  dead  trematodes, 
Distomumcirrigerum,  encapsulated  everywhere  in  the  animal  and 
verified  that  each  parasite  was  surrounded  by  a  thick  "muff" 
of  amoebocytes.  From  his  description  and  figure  of  this 
"muff"  the  present  author  finds  great  similarity  between  it iVV 
and  the  sheaths  noted  surrounding  dead  and  dying  larvae  of 
P.  filicollis  in  the  copepods  C.  albidus  and  E.  serrulatus 
speratus. 
It  was  noted  earlier  that  procercoids  of  P.  filicollis 
occasionally  escape  ensheathment  and  grow  and  develop 
normally.  No  procercoid  greater  than  44  µm.  long  was  ever 
noted  to  be  ensheathed,  and  it  may  be  possible  that  larvae, 
if  they  manage  to  attain  this  size  unmolested  by  host  cells, 
will  remain  unmolested  and  develop  normally.  Thus  Hynes  & 
Nicholas  (1958)  have  shown  that  acanthocephalan  larvae  in 
normally  unsuitable  amphipod  hosts  will  not  be  attacked  by 
host  blood  cells  once  they  attain  a  certain  stage  of  develop- 
ment.  It  has  been  suggested  by  Salt  (1963)  that  the 
activity  of  cercaria  in  insect  hosts  might  be  responsible 
for  their  ability  to  resist  attack  by  host  cells.  Thus  it 
is  possible,  but  unlikely,  that  the  P.  filicollis  procercoids 
which  escape  ensheathment  are  also  the  most  active. 
Thus,  considering  the  above  studies  of  inhibited  pro- 
cercoid  development  in  unsuitable  copepod  hosts,  two  levels 
at  which  host  specificity  may  act  within  the  copepod  haemo- 
coel  can  be  noted.  Firstly,  as  shown  by  the  inhibited 
development  of  the  powan  proteocephalid  procercoid  in  C. 
albidus  and  E.  serrulatus  s.  s.,  the  composition  of  the 
haemolymph  is  in  some  way  unfavorable  to  invading  prooercoids. luu 
Secondly,  as  exemplified  by  the  inhibition  of  P.  filicollis 
in  C.  albidus  and  E.  serrulatus  speratus,  the  copepod  is 
intolerant  of  the  parasite's  presence  and  apparently 
physically  rejects  the  parasite.  The  fact  that  procercoids 
of  P.  filicollis,  which  escape  the  defence  reaction  of  E. 
serrulatus  speratus,  develop  normally,  would  indicate  that 
the  host's  intolerance  of  the  parasite  does  not  necessarily 
mean  that  the  host's  haemolymph  is  nutritionally  at  least 
unfavorable  for  normal  procercoid  development. 
For  a  procercoid  to  develop  in  the  haemocoel  of  a  cope- 
pod  host  it  must  find  the  haemolymph  favorable  and  must  fail 
to  stimulate  a  defence  reaction  by  the  host.  In  the  case 
of  Cyclops  albidus,  when  infected  with  the  powan  procercoid 
no  reaction  ensued  although  parasite  death  occurred,  while 
a  reaction  towards  invasion  with  P.  filicollis  was  elicited. 
Obviously  the  latter  parasite  was  recognised  by  the  host  as 
foreign  and  was  subsequently  attacked  by  host  blood  cells. 
There  remains,  however,  much  work  to  be  done  on  such 
host/parasite  systems.  The  electron  microscope  could 
examine  in  detail  the  morphological  changes  in  the  ultra- 
structure  of  unhealthy  procercoids  in  unsuitable  hosts  and 
also  examine  the  host/parasite  interface  within  the  sheaths 
described  above.  Any  evidence  of  digestion  of  enclosed 
parasites  could  probably  be  discovered  using  this  technique, 
although  Salt  (1963)  has  suggested  that  encapsulated  insect ;  uu 
parasites  probably  die  from  lack  of  oxygen.  Use  of  modern 
micromanipulative  techniques  could  also  be  employed  to 
investigate  the  reactions  of  copepods  to  developing  procer- 
coids  injected  directly  into  the  copepod  haemocoel.  By  use 
of  the  above  technique  much  more  information  about  host/ 
parasite  relationships  between  helminth  parasites  and  their 
invertebrate  intermediate  hosts  could  be  gained. ZU1 
SUMMARY 
(1)  The  copepods  Eucyclops  serrulatus  s.  s.  and  Cyclops 
albidus  were  shown  to  be  unsuitable  for  procereoid  develop- 
ment  of  a  species  of  Proteocephalus  found  in  the  powan, 
Coregonus  lavaretus  of  Loch  Lomond.  The  young  procercoids 
died  in  the  haemocoel  without  eliciting  any  obvious  host 
response. 
(2)  The  copepods  Cyclops  albidus  and  Eucyclops  serrulatus 
speratus  were  shown  to  be  unsuitable  for  procercoid  develop- 
ment  of  P.  filicollis  a  parasite  of  the  three-spined  stickle- 
back,  Gasterosteus  aculeatus.  Procercoid  death  in  these 
hosts  was  accompanied  by  or  assisted  by  the  formation  of  a 
sheath,  of  what  was  probably,  host  blood  cells  around  the 
larva. 
(3)  Factors  related  to  onset  and  causes  of  prooercoid  death 
in  unsuitable  copepod  hosts  are  discussed  in  relation  to  the 
problems  of  host  specificity  in  procercoid/copepod  systems. 4u4 
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INTRODUCTION 
Orr  &  Hopkins  (1969)  established  the  entire  life  cycle 
of  Schistocephalus  solidus  in  the  laboratory.  One  of  the 
few  drawbacks  of  their  technique,  as  they  themselves 
admitted,  was  that  faeces  from  birds,  even  on  a  low  nitrogen 
diet,  contain  a  lot  of  uric  acid  crystals,  the  majority  of 
which  cannot  be  separated  by  sieving  as  the  crystals  and 
eggs  have  a  similar  size  range.  The  authors  suggested 
that  'removal  of  the  mature  worm  from  the  bird  and  sub- 
sequent  culture  in  a  balanced  saline  solution  for  a  few 
hours,  although  giving  fewer  eggs  per  worm,  will  prove  a 
better  method'.  Indeed  Parsons  (1968)  has  recorded  sub- 
stantial  egg  returns  from  S.  solidus  during  a6  hour 
incubation  period  in  Hanks'  after  maturation  in  avian  and 
mammalian  hosts  for  2,3  and  5  days.  An  investigation  of 
the  egg  output  of  S.  solidus  recovered  after  2  days  from 
chickens  over  the  same  period  in  Hanks'  constitutes  the 
first  part  of  the  present  study.  In  the  second  section, 
the  viability,  development,  and  infectivity  of  the  eggs 
produced  in  vitro  and  the  development  of  S.  solidus  procer- 
coids  in  the  copepods  Eucyclops  serrulatus  s.  s.  (Fischer) 
and  Eucyclops  serrulatus  speratus  (Lilljeborg)  is  described. 
In  the  final  section  the  ability  of  S.  solidus  eggs  to 
develop  in  various  concentrations  of  sea  water  is  described, A,  VO 
together  with  a  preliminary  study  of  the  importance  of 
protonephridia  in  the  salt  and  water  balance  of  the  eggs 
and  larvae. AO  vt7 
MATERIALS  AND  METHODS 
1.  Egg  Production 
(a)  Infection  of  chickens 
Plerocercoids  of  Schistocephalus  solidus,  removed 
from  the  body  cavity  of  Gasterosteus  aculeatus  caught 
locally,  were,  after  weighing  in  aluminium  foil  pouches, 
force-fed  to  2-4  weeks  old  chickens.  Food,  a  commer- 
cially  supplied  'chicken  mash  diet',  and  water,  was  available 
to  the  chicks  at  all  times,  but  was  withheld  from  18  h 
before  infection  until  2h  after  infection.  Since  eggs 
were  not  to  be  collected  from  the  faeces  the  feeding  of  the 
chicks  on  a  low  protein  diet  was  unnecessary. 
(b)  Worm  recovery 
The  chickens  were  killed  48  h  after  infection  by 
breaking  the  neck,  and  the  gut  from  gizzard  to  anus  was 
removed.  The  now  mature  worms  were  recovered  and  weighed 
before  incubation. 
(C) 
The  incubation  medium 
The  medium  (approx.  pH7)  was  prepared  2  days  prior 
to  incubating  the  worms  using  95  ml  of  Hanks'  saline 
buffered  with  5  ml  of  a  1.4%  NaHCO  3  solution  in  a  200  ml zlu 
i 
stoppered  bottle  gassed  for  30  min.  with  a  95%  air/5%  C02 
mixture.  Two  hours  prior  to  incubation  20  ml  of  medium 
was  transferred  to  a  3"  by  1"  glass  tube,  firmly  stoppered 
and  placed  in  a  shaking  water  bath  (oscillating  over  10  cm 
at  approximately  120  oscillations  per  min.,  for  15  seconds 
at  15  second  intervals)  at  40.5°C  (the  rectal  temperature 
of  a  chicken). 
(d)  In  vitro  incubation 
After  recovery,  the  mature  worms  were  placed  in 
twos  or  threes,  or  as  in  later  runs,  singly  in  the  tubes, 
which  were  again  gassed  and  returned  to  the  water  bath  for 
a6h  period. 
(e)  Egg  recovery 
After  6h  each  tube  was  opened,  the  pH  of  the 
medium'measured  in  some  runs,  and  the  worms,  with  the  aid 
1 
of  forceps,  shaken  to  dislodge  adherant  eggs  and  removed. 
The  tube  was  allowed  to  stand  for  5  min.  to  allow  the  eggs 
to  settle.  The  supernatant  saline  was  drawn  off  with  a 
pasteur  pipette  without  disturbing  the  eggs  and  replaced 
with  tap  water  at  room  temperature. 
(f)  Egg  counting 411 
The  contents  of  each  tube  were  transferred  separately 
with  washing  to  a  100  ml  beaker.  After  rapid  transfer 
of  the  eggs  and  water  from  one  beaker  to  the  other  7  to  8 
times,  the  eggs  in  35  ml  samples  were  counted,  and  the 
total  number  of  eggs  produced  in  each  tube  calculated. 
2.  Egg  viability  and  development 
Batches  of  300  to  600  eggs  in  either  tap  water  or 
various  dilutions  of  sea  water  were  in  a  number  of  experi- 
ments  set  to  develop  in  the  dark  in  65  ml  jars  in  an 
orbital  incubator  at  23°C  and  subjected  to  53  oscillations 
per  min.  for  5  min.  every 
1/2 
h.  A  37p.  sieve  (Endecotts, 
London)  was  used  to  manipulate  the  eggs.  The  supernat7nt 
in  each  jar  was  periodically  removed  and  replaced  with  the 
appropriate  solution.  During  the  experiments  some  eggs 
were  removed  with  a  Pasteur  pipette  from  the  jars  and  trans- 
ferred  to  a  McMaster  slide  for  microscopic  examination  to 
determine  the  amount  of  development.  Four  stages  of 
development  were  used;  stage  Ap  unembryonated,  stages  B 
and  0,  partially  developed,  and  stage  D  fully  embryonated 
(Fig.  I). 
3.  Egg  hatching 
Fully  developed  eggs  were  exposed  to  either  daylight I 
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or  artificial  light  to  induce  hatching. 
4.  Infection  of  copepods 
Eucyclops  serrulatus  s.  s.,  collected  from  a  canal  in 
Glasgow,  and  E.  serrulatus  speratus  from  the  same  canal 
at  Clydebank  were  added  to  the  vessels  containing  hatched 
coracidia.  The  copepods  were  maintained  at  19°C  and 
mounted  periodically  for  microscopic  examination.  By 
moving  the  coverglass  the  copepod  could  be  held  in  any 
desired  position  so  that  the  procercoids  present  could 
be  counted  and  measured  with  a  camera  lucida.  From 
measurements  of  length  and  breadth  the  volume  of  procer- 
coids  was  calculated  assuming  them  to  be  cylinders. 
Copepods  were  identified  using  the  key  of  Harding  &  Smith 
(1960)  and  kindly  verified  by  Mr.  Harris  of  the  British 
Museum. 
5.  Flame  cell  activity  of  eggs  and  coracidia 
Fully  embryonated  eggs  (stage  D)  were  mounted  under 
oil  for  examination  (X400).  Similarly  coracidia,  hatched 
in  water,  were  mounted  in  a  20%  Ficoll  (Pharmacia,  Sweden) 
solution  and  examined.  Picoll  is  extremely  viscous,  yet 
osmotically  inactive,  and  so  slows  down  physically  the 
movement  of  the  coracidia.  Using  a  hand  tally  and  a 4  1a 
stopwatch  the  rate  of  beat  of  the  cilia  of  the  first 
flame  cell  observed  in  each  egg  and  coracidium  was 
determined. 610 
TS 
(1)  Proc9uci;  i_on  of  Sohi.  stocep  huliis  solidus  P,,  Zs  in  vitro. 
'Dorms  incýihU,  ted  in  two/s  or  three/s  for  tie  6  h 
period  produced  Larve  nurnhers  of  e  Ef-s  (T,  rle  T).  The 
mean  e  output  per  vorm  was  24,496,  and  the  average 
fresh.  weicht  of  the  ple.  rocer.  colds  administered  to  the 
dickens  was  I 
. 
R8  my.  TTerrligihie  amounts  of  organic  debris 
were  carried  over  from  the  bird  gut  resulting  in  extremely, 
clean  eg-,  s.  In  two  similar  runs,  with  more  than  oie  worm 
per  incubation  tube,  the  final  ply  of  the  medium  ran7,  ed 
from  6.6  -  6.3  (6  tubes  measured). 
"forms  incubated  singly  also  produced  large  numbers  of. 
eýs  (Table  2). 
_-^. 
lthou  ;h  the  numbers  of  eggs  produced 
by  different  worms  varied  considerably,  the  mean  eg`r  out- 
puut  per  worm  was  26,790  while  the  plerocercoids  admini- 
stered  to  the  chickens  weighed  on  average  186  m  fresh 
weicht.  Eggs  were  a{rain  noted  to  be  perfectly  clean,  and 
in  three  similar  runs,  with  only  1  worm  per  tube,  the  final 
pH  of  the  medium  ranc;  ed  from  6.4  -  7.0  (16  tubes  measured). 
Considering  the  6  runs  of  the  technique  together,  the 
35  mature  worms  recovered  from  the  chickens  represented 
84ý  df  the  plerocercoids  initially  administered.  Worms 
were  generally  found  40;  %ý  to  60  down  the  length  of  the  bird 
intestine. rw  1I 
Tntitý  I  The  cog  production  of  sol'f;.  is  ineubotcd  in  groups  in 
Hanks  saline  for  6  hour!  after  .  'ti  hours,  in  vivo 
FRESH  WEIGHT  OF  PLEROCECOIDS  NUMBER,  OF 
INDIVIDUALLY  TOTAL  EGGS  PRODUCED 
CHICKEN  MG.  MG.  XIe 
0  350  64" 
140 
RUIN  I2 
250  420  41.5 
0  17 
3  190  340  5&5 
I50 
3  1O  550  46.1 
4O 
2  350  500  65.3 
1  50 
f,  UNII  3  250  470  66.1 
2  20 
4  160  310  39.7 
i..  ý. 
130 
5  100  260  42.7 
ýO 
MEAN  J  ýg 
MEAN  24.4 Table  II  The  egg  proauction  of  h'  ocephg  us  solidus  incubated  individually  in 
Hanks  s  saline  for  six  hours  after  forty  eight  in  vivo 
FRESH  WEIGHT  NUMBERS  OF 
CHICKEN  OF  PLERCERCOID  EGGS  PRODUCED 
MG.  xlO3 
240  5-6 
RUN  I2  230  31,0 
1  170  27-I 
120  16.4 
I2  130  15-8 
RUN  If  270  306  3 
I80  31.2 
4  160  208 
130  19-7 
280  696 
220  384 
RUN  III 
140  32.6 
100  11.6 
3 
270  121 
I  240  29.8 
2  230  47-5 
3  220  21.5 
4  220  35.6 
RUN  IY  5  200  25"I 
6  170  159 
7  140  40A' 
8  X20  8.5 
9 
120  278 
MEAN  186  MEAN  26.7 
218' 
L flu 
(?  )  The  viability  and  relative  embryonation  rate  of  eF  s 
_fron 
different  worms. 
The  development  of  the  eggs  produced  in  vitro  by  9  worms 
matured  singly  in  chickens  (TableII,  run  Q-)  is  indicated 
in  Fi  .  2.  The  percentage  of  eggs  still  at  staf,  e  A  on  the 
7th  day,  i.  e.  the  percen.  ta  e  of  inviable  eggs,  varied  con- 
siderably.  While  many  eggs  produced  by  worm  3  failed  to 
develop,  practically  every  egg  from  worms  1  and  4  embryo- 
noted  normally.  The  percentage  viability  was  F,  enerally 
greater  than  80;  ').  The  rate  of  development  of  es  from 
different  worms  was  also  noted  to  vary  considerably,  e  gs 
from  worms  4,7  and  8  being  considerably  slower  to  reach 
stage  D  than  those  of  the  other  worms.  The  same  differences 
in  e"  developmental  rates  were  also  apparent  on  Day  5.  No 
connection  between  errg  viability  and.  rate  of  development 
was  observed.  Neither  of  the  above  variables  could  be 
correlated  with  the  initial  weight  of  plerocercoid  admini- 
stered. 
(3)  The  infection  of  the  copepods  Eucyclops  serrulatus  s.  s. 
and  E.  serrulatus  speratus  with  Schistocephalus 
solidus  procercoids. 
It  is  clear  from  Fie.  3  that  eggs  produced  in  vitro 
from  worms  matured  in  vivo,  after  embryonation,  released PEN- 
FIg,  2  The  development  of  the  eggs  produced  by  Schlstocepha  us  solidus  Incubated  22  ai'  Individually  in  Hank's  salinc  for  six  hours  after  forty  eight  hours  in  vivo.  AßC  and  D 
represent  the  progressive  stages  of  egg  deveiopment(Fig  1). 
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F1g,  3  The  growth  of  ch  istocephalus  solidus  proccrcoids  in  Eucrcbps  serrulatus  s(A)and  FLucys.  LOM 
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coracidi^  infective  to  copepods.  Infection  of  both 
species,  with  1  to  7  worms  per  copepod,  was  1005.  Pro- 
cercoids  retie  at  -  similar  rate  in  both  species,  altlionan`°h 
the  treater  vu_riation  in  worm  volume  noted  in  '7.  serrulatuus 
speratiis,  resulted  in  t?  ie  smaller  mean  procercoid  volume 
in  this  species  compared  to  those  developin,  in  E. 
$errillatý?:  s.  s.  on  the  6th  aný  14th  days.  A  procercoid. 
0.0027  C.  mm.  in  volume  on  the  14th  day  measured  362  µm  by 
92  ýNr1.11  procercoids,  in  both  species,  had,  by  the  14th 
dar,  shed  their  cerconers,  and  were  fully  developed  .  xn-th 
c^lcareouus  corpuscles  and  the  anterior  indentations.  l1.1. 
control  copepods  (100  of  each  spp.  )  proved  negative  . 
for. 
infection. 
(4)  The  development  of  eggs  in  255,,  50  and  100;  ',  sea 
water,  and  in  tap  water. 
Over  AOi,  '  of  the  eEýs  in  25ij  Sea  water  ann  top  water 
were  fully  developed  by  14  days  (Fi`.  4).  Thereafter 
many  of  these  eggs,  classified  as  stare  D,  had  in  fact 
hatched.  Eggs  in  50;,,  sea  viater  developed  more  slowly; 
only  46%  had  reached  stale  D  on  the  21st  day.  All  eFý  s 
in  100;  sea  water  remained  at  stage  A,  there  bein-  no 
indication  of  development  whatsoever.  Occasionally  the 
shell  of  such  eggs  collapsed,  appearing  concave  instead  of 223 
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a  fl convex  on  one  side.  Es-,,  s  transferred  to  tap  water,  after 
5  days  in  100;,  '  sea  water,  were  still  at  stage  A  on  day  10 
after  5  days  in  tap  water.  By  day  14,  however,  develop- 
ment  was  apparent,  some  eggs  having  reached  stage  C  while 
by  the  21st  day  many  egg  were  fully  developed. 
(5)  The  development  of  eggs  in  50ý  60cß  70"'  R0ý  0"" 
and  100iß  sea  water  and  in  tap  water. 
E  ;  Es  in  tap  water  were  mainly  at  stage  D  by  10  '9aye 
and  many  e!  -,  s  classified  as  stage  D  thereafter  had  in  fact 
hatched  (Fig.  5).  Although  development  was  much  slower, 
over  907'%  of  the  eggs  in  50%  sea  water  were  fully  developed 
on  day  21,  but  as  in  the  previous  experiment  none  hatchrd, 
with  the  result  that  over  90%  of  the  eggs  appeared  abnormal 
on  the  28th  day.  The  oncospheres  of  such  enFýs  teere  mark- 
edly  shrunken  and  disorganised.  As  in  tap  v.,  ater  very  few 
eý,:  s  remained  undeveloped.  Eggs  in  60%  sea  water  were 
even  slower  to  develop;  only  2O  of  the  eý"ý  were  fully 
developed  on  the  21st  day.  The  great  majority  of  e  ,e  in 
60;  'U  sea  water  were  abnormal  on  the  2ßth  day.  any  of  the 
e  ;  gis  in  ß0ö  sea  water  showed  no  development  remainin^  at 
stage  A.  Very  few  eggs  in  7O  sea  water  developed  at  all, 
only  one  fully  developed  egg  being  noted.  All  eITIC  in  '50; 
o, 
90ý,,  and  100  sea  water  remained  at  stage  A.  Shell  collaps( 225 
F1gS  The  iffectof  141111Y  on  ehe  development  of  Schtstocepnaim  solidus  eggs  eaintainedot  23C.  ABC  and  D  represent  the  four  progrfssise 
stops  of  derelope*at  shC'.  n'in  fig  1.  The  number  Of  eggs  szomined  Is  quoted  to  the  left  of  noch  coilMr. 
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of  some  e,  -,  _s  in  100;  sea  water  was  again  observed 
occasionally.  Eggs  transferred  to  tap  water  after  10  days 
in  801p',  90/4  and  100;  sea  water  developed,  30%,  23%o  and  19;  % 
respectively  reaching  stage  D  by  the  2Rth  day  after  lP,  days 
in  tap  water,  eggs  transferred  from  100;  sea  .,  mter  being 
slowest  to  develop.  The  majority  of  all  three  of  these 
groups  of  egos,  however,  failed  to  develop  in  tap  water. 
(6)  The  infection  of  the  copepod  Eucyclopo  serrulatus 
coracidia  developed  and  hatched  u  der  varioi  o 
conditions. 
F￿llýT  ýI(-velopec  e  From  tap  :  ýa1,  er,  i?.  'ý;,.  :  c-ý  ýrýý;  ý,  -,.  f 
can 
2  sea  water  weir,  c  xpocefl 
,  cý.,  'F  I,  er  1  li  (1  üýr-  1;  ar  I-  -r  i_e1 
1i`h1t  either  in  tho  colut]_on  in  vThi  cl1  they  }larl  detrc,  lopr'rl 
or  after  transference  to  a  (Tafferent  solui;  ion.  (Ta1)1_,,  ITT). 
After  2  days  copepods  were  added  to  each  jar  in  wIiij  h  many 
coracidi.  a,  had  already  hatched.  The  copepo(9c  pl^cerl  with 
the  corccicýic  hatched  in  hraeki  ch  con.  diti  onc,  -1ad  Kren 
allowed  to  acclimatise  to  such  condition:  for  2 
Since  copepods  p  expose(  to  coracidia  which  had  devei- 
oped  and,  hatched  in  12.5;,  and  251/'  sea  water,  recame  infected 
like  the  control  copepodo,  exposed  to  normal  co.  racidia, 
developed  and  hatched  in  tap  water,  it  is  clear  that  at 
least  some  of  the  former  coracidia  were  infective.  All 227 
Tab!  ¢jZTh¢  infection  of  Eucyclops  s¢rrulctum  with  proccrcoids  of 
Schiisstocepha  us  solidus 
.. 
using  coracidia  dcvtlopcd  and  hatched  under 
various  conditions  of  salinity 
CONDITION  OF  NUMBER  OF  NUMBER 
EGG  -  COPEPODS  OF 
DEVELOPMENT  . 
HATCHING  EXAMINED  INFECTED  PROCECOIDS 
TAP  3-3  10 
TAP 
WATER 
2  S'/o  "2  22 
SEA  WATER 
TAP  33  12 
WATER 
t2"57a 
SEA  WATER 
ta"s%  334 
SEA  WATER 
TAP  337 
2S,  ýa 
WATER 
SEAWATZER 
25°10  22  io  SEA  WATER 228 
larvae  wit  in  copepods  appeared  nor-mal. 
(7)  The  effect  of  increased  external  salinity  on  the 
fl^rI±e  cell  activity  of  fully  developed  e5ý"7s. 
The  clean  beat  rate  of  the  cilia  of  the  flame  cells  of 
e"`  s3  hours  after  transfer  to  the  two  25j0  sea  water 
solutions  and  the  0.74;  L  NaC1  solution  (A  =  0.46  osmotically 
equivalent  to  25'  sea  water),  as  shown  in  Fig.  6,  were  4.2, 
4.1,  and  3.9  beats  per  second  respectively  while  the  equi- 
valent  rates  in  tap  water  were  5.3,4.8,  and  4.  F  beats  per 
sec.  The  overlap  in  the  range  of  beat  rates  of  the  two 
groups  of  13  day  old  eggs  is  considered  to  be  misleading 
since  the  two  results  responsible  are  obviously  abnormal. 
The  rate  of  beat  of  the  cilia  of  the  flame  cells  of  the  2 
hatched  coracidia  in  water  was  approximately  10-12  beats 
per  sec. 8 
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DISCUSSION 
By  simply  maintaining  mature  Schistocephalus  solidus 
in  buffered  Hanks'  at  40.5°C  for  6  hours  1arCe  numbers  of 
eu  s  can  be  reliably  produced.  Plerocercoid.  s  (mean  fresh 
weight  188  m")  after  48  hours  matur  ation  in  a  chicken 
produced  in  vitro  a  mean  of  25,600  eggs  (Tables  I 
Parsons  (1962)  usin  virtually  the  same  in  vitro  technique, 
but  m.  turin.  -  her  plerocercoids  in  ducks  found  the  average 
eI""  production  per  worm  to  be  25,000.  She  also  noted  that 
most  e  -,  -s  were  produced  during  the  first  hour  of  incubation. 
Her  eggs  were  60;  L  -  70;  viable  whereas  the  mean  v;  _a, 
hj.  lity 
of  eZ7s  in  fresh  water  in  this  study  (Figw.  2,5) 
89. 
ConsiderinS  the  high  level  of  eEG  viability  it  is  clear 
that  most  of  the  eggs  produced  in  vitro  were  fertilised. 
It  is  unlikely  that  insemination  of  the  receptacula  could 
occur  in  the  incubation  tubes  utilised  as  Smyth  (1954-) 
recorded  that  insemination  in  vitro  occurred  only  when 
S.  solidus  were  compressed  within  dialysis  tubing  but  not 
when  free  in  the  culture  medium.  The  infection  of  cope- 
pods  (Fig.  3&  Table  3)  and  the  normal  development  of 
procercoids  indicates  the  normality  of  the  eggs  produced 
during  the  6  hour  in  vitro  incubation  period. 
4 
v 
Eucyclops  serrulatus  s.  s.,  unlike  the  closely  related 231 
E.  serrulatus  speratus,  has  been  recorded  as  a  suitable 
intermediate  host  for  S.  solidus  procercoids.  (Nybelin 
1919,  Clarke  1954,  Mason  1965).  *  Although  growth  of 
S.  solidus  procercoids  in  E.  serrulatus  speratus  was 
more  variable  than  in  the  above  species  (Fig.  3),  it 
seems  justified  to  add  E.  serrulatus  speratus  to  the  list 
of  10  copepods  already  recorded  as  suitable  hosts  for 
S.  solidus  procercoids  (Orr  &  Hopkins,  1969). 
The  development  and  hatching  of  infective  coracidia 
in  25%  sea  water  (Table  3)  verifies  the  unqualified 
statement  of  Hilliard  (1960)  that  Schistocephalus  solidus 
is  euryhaline,  its  eggs  being  able  to  develop  under 
brackish  conditions.  Thus  S.  solidus  may  well  cycle  in 
brackish  water  and  so  explain  the  relatively  high 
incidence  of  plerocercoids  reported  by  Markowski  (1966) 
in  three-spined  sticklebacks  living  in  water  where  the 
salinity  ranged  from  1.3%  to  14.3%  (i.  e.  from  3.7%  -  41.3% 
sea  water).  Although  Eucyclops  serrulatus  and  Acantho- 
cyclops  viridis,  both  suitable  hosts  for  S.  solidus  pro- 
cercoids,  have  been  reported  from  brackish  water 
(Saltynska  1964)  it  seems  possible  that  S.  solidus,  being 
catholic  in  its  choice  of  copepod  hosts,  might  well 
utilise  more  typical  brackish  or  marine  species  under 
these  conditions. 232 
It  is  clear,  however,  that  S.  solidus  eggs  cannot 
develop  normally  and  hatch  in  marine  or  semi-marine 
conditions  (Pigs.  4&  5).  S.  solidus  eggs  developed 
normally  in  hypotonic  fluids  (Hilliard  (1960)  estimated 
the  tonicity  of  Diphyllobothrium  dalliae  coracidia  to 
be  =  1ýo  NaCl  which  is  =  33ý-  sea  water)  but  not  in  hyper- 
tonic  solutions.  Many  unembryonated  S.  solidus  eggs, 
however,  are  tolerant  of  hyperosmotic  solutions  as 
indicated  by  their  ability  to  develop  in  fresh  water  after 
exposure  for  5  days  (Fig.  4)  and  10  days  (Fig.  5)  to  sea 
water. 
The  activity  of  the  flame  cells  of  eggs  transferred 
to  25%  sea  water  or  0.74%  NaCl  was  lower  than  that  of  the 
eggs  remaining  in  fresh  water  (Fig.  6).  The  eggs  shell 
of  S.  solidus  is  probably  freely  permeable  to  water  and 
ions  like  that  of  Fasciola  hepatica  (Rowan  1962,  Wilson  196-1 
1969).  However,  also  like  F.  hepatica  (Wilson  1967),  the 
lippo-protein  vitelline  membrane  lying  immediately  within 
the  shell  and  surrounding  the  unhatched  coracidium  is 
unlikely  to  be  freely  permeable  to  water  and  salts.  As 
the  eggs  were  transferred  to  hyposmotic  solutions  (Hilliard 
1960)  water  would  not  be  withdrawn  from  the  coracidium. 
Thus  although  the  reduction  of  the  flame  cell  activity 
(Fig.  6)  would  suggest  an  osmoregulatory  role  for  the 233 
protonephridia  of  the  S.  solidus  eggs,  theoretical 
evidence  for  this  role  is  lacking.  Indeed  Wilson  (1967) 
has  shown  that  the  flame  cell  activity  of  hatched  miracidia 
of  F.  hepatica  is  unaffected  by  changes  in  the  external 
osmotic  pressure.  Considering  the  differing  opinions  of 
other  workers  (Beadle  1934,  Pantin  1947,  and  Carter  1961) 
one  is  forced  to  agree  with  Schwabe  and  Kilejian  (1968) 
who  conclude  that  evidence  for  an  osmoregulatory  role  for 
protonephridia  is  'comparatively  meagre'.  The  increased 
flame  cell  activity  of  hatched  coracidia  probably  reflects 
either  an  increased  intake  of  water  by  the  coracidium  now 
unprotected  by  the  vitelline  membrane  or  simply  the 
increased  metabolic  rate  of  the  now  free-swimming 
coracidium.  Wilson  (1969)  noted  that  the  flame  cell 
activity  of  miracidia  of  F.  hepatica  increased  just  prior 
to  hatching. 
In  vitro  and  in  vivo  egg  production 
The  mean  egg  yield  of  plerocercoids  (mean  fresh  weight 
188  mg)  after  48  h  in  a  chicken  ,  when  placed  in  culture 
for  6  hours  was  25,600.  This  high  egg  yield  from  a 
simple  procedure  which  avoids  the  laborious  and  inefficient 
process  of  sieving  faeces  from  infected  birds  should 
suffice  for  laboratory  maintenance  of  S.  solidus  and  provide 234 
enough  eggs  for  studying  the  physiology  and  development 
of  p$eudophyllidean  eggs. 235 
SUMMARY 
(1)  A  technique  for  the  in  vitro  production  of  viable 
Schistocephalus  solidus  eggs  is  described.  Plerocercoids 
(mean  fresh  weight  188  mg)  after  48  h  maturation  in  a 
chicken  produced  in  vitro  in  6h  25,600  eggs.  The  mean 
viability  of  the  eggs  was  89%. 
(2)  The  percentage  viability  and  rate  of  development  of 
eggs  from  different  worms  is  compared. 
(3)  The  copepod  Eucyclops  serrulatus  speratus  was  shown 
to  be  yet  another  suitable  host  for  procercoid  develop- 
ment  of  S.  solidus. 
(4)  S.  solidus  eggs  developed  normally  in  25%,  abnormally 
in  50%,  60%  and  70%,  and  not  at  all  in  80%,  90f  and  100% 
sea  water.  Eggs  could  recover  and  develop  in  fresh  water 
after  5  days  in  sea  water.  The  ecological  and  physiological 
significance  _is 
discussed. 
(5)  The  activity  of  the  flame  cells  of  unhatched  coracidia 
was  reduced  in  25%  sea  water  and  0.74%  NaCl,  and  increased 
after  hatching. 236 
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